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Abstract 
Advanced Carbon Fiber Composite Materials for Shielding and Antenna Applications 
Aidin Mehdipour, Ph.D. 
Concordia University, May 2011 
 
Due to the low weight, ease of fabrication, low cost, high stiffness, high thermal and 
electrical conductivity, advanced carbon fiber composite (CFC) material is one of the 
most desirable materials which have been considered recently in the aerospace, 
electronic, and infrastructure industry.  
This thesis examines the use of CFC materials for electromagnetic field shielding and 
antenna applications. Using a suitable electromagnetic model of composite materials, we 
evaluate the shielding effectiveness (SE) and other EM properties of composites paying 
attention to antenna design. Analytical and simulation results are compared with 
experimental data. Two kinds of composite materials are investigated, namely reinforced 
continuous carbon-fiber (RCCF) composites and carbon nanotube (CNT) composites.  
For analytical SE analysis of multilayer RCCF composites, the material shows 
anisotropic behavior along the direction of the fibers, and we employ the transmission 
matrix method in conjunction with the anisotropic properties of each layer. The shielding 
performance of composites is also experimentally investigated. In order to enhance the 
conductivity of an RCCF composite, a small volume fraction of multi-walled carbon 
nanotubes (MWCNTs) is added to the RCCF material. We investigate the SE of the 
proposed MWCNT “nanocomposite” over a wide frequency band up to 26.5 GHz. The 
 iv 
effect of aspect ratio on shielding performance is addressed as well. The effective 
conductivity of the nanocomposites was determined over the frequency range of interest.    
The use of RCCF and single-walled carbon nanotube (SWCNT) composite is 
investigated for building antennas, by replacing the metal with CFC. We use an RCCF 
composite to build resonant and wideband antennas. The effect of the conductivity tensor 
of RCCF composite on the antenna performance is addressed. We also study the 
performance of a microstrip patch antenna with the ground plane made of RCCF 
composite.  
As one of the most highly-conductive composite materials, single wall carbon 
nanotube (SWCNT) buckypapers are used to build composite antennas. A new 
fabrication method is proposed to print arbitrarily-shaped full-composite SWCNT 
antenna on any type of substrate. Various types of SWCNT antennas are fabricated for 
different antenna applications, namely UHF-RFID, WLAN, UWB, and mm-wave 
applications. Good agreement is observed between simulation and experimental results 
for all the aforementioned composite antennas.     
Using the spectral domain method, the Green’s function is obtained for an 
infinitesimal HED on a dielectric slab over a CFC ground plane. Due to the high 
conductivity, CFCs are modeled using a surface impedance. The expressions for the 
electric field components are derived. The numerical integration details particularly 
dealing with low-converged tail of the integrand for fields at the air-dielectric interface 
are addressed. Numerical results based on this method compare well with results based 
on a time-domain finite integration technique. The effect of conductivity and anisotropy 
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Chapter 1 : Introduction 
 
Different kinds of metals such as copper and aluminum are extensively used in 
aerospace and many other industrial applications. In fact, the high value of the 
conductivity of metal makes it a very good candidate for shielding applications. 
However, some disadvantages of metals are their high weight, manufacturing cost and 
poor corrosion resistance, which make designers want to produce a good alternative 
material to metals. For this purpose, many kinds of “composite” materials have been 
proposed [1]-[7]. 
Due to the low weight, ease of fabrication, low cost, high stiffness, high thermal and 
electrical conductivity, a carbon fiber composite (CFC) is one of the most desirable 
materials which have been considered recently in the aerospace, electronic, and 
infrastructure industry [8]-[13]. In electrical applications, CFCs are used for 
electromagnetic interference (EMI) shielding, thermoelectric energy conversion, radar 
absorbing material, sensors, switches, electronic devices like diodes and transistors, and 
thermal pastes [14].  However, one of the main disadvantages of CFC is their relatively 
low conductivity compared to metals. The low conductivity leads to low shielding 
effectiveness (SE), which is a very critical factor for electromagnetic compatibility 
(EMC) purposes. The characterization and analysis of the SE of composites is a very 
challenging issue for EMC engineers [11], [15]-[25].  
Metals are regularly used in antenna and microwave structures as the material for the 
radiating element, transmission lines and feed networks. In new antenna and microwave 
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technologies, low-cost, low-weight, low-corrosion and high thermal conductivity 
characteristics are factors with high degree of importance. For this purpose, one should 
think about the materials other than metals. Recently, a few conductive materials have 
been introduced as a replacement of metals for some limited antenna applications [26]-
[31]. Due to the low conductivity of conductive composites, replacing metals with such a 
material is challenging and needs much more investigation.    
1.1 Motivations 
Recently, CFCs have been used extensively in the aerospace and aircraft industry. 
There are many sensitive electronic equipments inside the fuselage of spacecraft, aircraft, 
and helicopters, susceptible to interference from external electromagnetic waves [32]-
[35].  Interference can degrade the performance of electronic devices considerably and so 
the fuselage is required to be a good electromagnetic shield against external fields. But by 
using a composite as the material for the fuselage instead of a metal, the shielding 
properties degrade drastically. As a result, in addition to the mechanical properties, the 
EM shielding characterization of composites is very important factor which should be 
investigated carefully. There are many parameters which affect the SE of CFC, such as 
the fabrication process, the fiber percentage, and the thickness of sample [22]. It should 
be noted that because of the complicated structure of composites, they may show 
frequency-dependent shielding properties over wide frequency ranges [22][25],[37]. 
Moreover, the direction of fibers in some kinds of CFCs such as reinforced continuous 
carbon fiber (RCCF) composite is a very critical factor which makes the material show an 
anisotropic property along the fiber direction [25],[38]-[40]. Therefore, one should use 
 3 
appropriate analytical and modeling approaches to analyze the shielding properties of 
composites. However, since in practical cases the composite material is not exactly like 
an assumed model for analytical methods, the experimental verification of shielding 
performance of composites is another important factor which should be evaluated over 
the frequency range of interest. The analysis of SE is associated with the conductivity 
characterization of composites, which is also necessary for composite antenna design. 
Aside from shielding analysis, in order to use CFC in antenna structures as radiating 
elements, two challenging issues arise. The first challenge is the radiation properties of 
composite antennas which could be significantly different than copper antennas due to 
the lower conductivity of composite. Another challenge is the fabrication of composite 
antennas, including printing composite material on the substrate and making any arbitrary 
shape of an antenna on the substrate. Providing a strong adhesion between the composite 
and substrate is another significant challenge.  
1.2 Objectives 
One objective of this work is to investigate the shielding properties of different kinds 
of CFC materials. For this purpose, first we use appropriate models of these composites 
for analytical or numerical analysis. Then, by applying suitable methods the shielding 
behavior of the composite material is determined and the effect of the different physical 
parameters of composite on the SE is obtained. Choosing the appropriate model for a 
composite material highly depends on the carbon fibers distribution inside the material. 
After proposing the model, the useful method, whether analytical or numerical, should be 
employed to solve the problem. Depending on the type of composite, different kinds of 
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methods could be used, such as the transmission matrix method (TMM) [36], Floquet-
mode theory [38], the method of moments (MoM)[41],  homogenization methods [42], 
finite element method (FEM), or the finite difference time domain (FDTD) method [43]. 
By doing the analytical or numerical study, we can find out the effect of different 
physical parameters of composites on SE. SE of composites is also experimentally 
examined over a very wide frequency range up to 50 GHz. It is done by using different 
standard measurement setups such as a coaxial fixture at low frequencies, and various 
waveguide setups at higher frequencies. We consider two famous types of CFCs, namely 
reinforced continuous carbon fiber (RCCF) and carbon nanotube (CNT) composites. The 
composite samples were produced at the Concordia Center for Composites (CONCOM) 
Laboratory [44].  
Another main objective of this dissertation is to explore using CFCs in antenna 
structures and associated applications. The performance of various types of antennas is 
investigated when the metal parts are replaced with composites. By doing so, a new 
generation of antennas is proposed, having no metal in their structure. We will consider 
different types of resonant, multiband, and wideband antennas designed for various 
applications.    
1.3 Thesis Organization 
This thesis is organized as follows. 
In Chapters 2 and 3, we introduce two commonly-used CFC materials, namely RCCF 
and CNT composites, respectively. We investigate the electrical and shielding 
characteristics of these composites using appropriate analytical and numerical models. 
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The TMM method along with accurate equivalent EM model is used to calculate the SE 
of multilayered RCCF’s. The shielding property of both RCCF and CNT composites is 
addressed experimentally over a wide frequency range, from DC to 26.5 GHz. The effect 
of CNT loading and aspect ratio (AR) on SE and conductivity of CNT composites is 
studied in detail.  
In Chapter 4, using the spectral domain method, we calculate the exact solution for the 
Green’s function of a dielectric slab backed by a CFC ground plane and excited by a 
horizontal electric dipole (HED). The expression for the electric field is obtained and the 
numerical integration is addressed in detail. Finally, some numerical results are presented 
and compared to that of the slab with a perfect electric conductor (PEC) ground plane. 
Moreover, numerical results based on this method compare well with results based on a 
time-domain finite integration technique (FIT). 
In Chapters 5 and 6, we explore the use of CFCs for antenna structures. RCCF, 
RCCF/CNT, and CNT composites are used as the replacement of metal in the antenna 
structures. The effect of adding fractional CNT loading to RCCF samples is investigated, 
which leads to an improvement in the conductivity of the RCCF/CNT composite 
compared to the RCCF material itself. Different types of antennas are considered for 
study operating over UHF radio frequency identification (UHF-RFID), Bluetooth, 
wireless local area network (WLAN), UWB, X-band, and mm-wave frequency ranges. 
The effect of conductivity tensor of CFCs on the antenna performance such as bandwidth 
and gain is addressed. For wideband applications, the dispersion characteristic of the 
antenna is investigated. Experimental verification is provided for the performance of 
these CFC antennas. The fabrication process and the associated challenges are discussed. 
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A new fabrication technique is proposed to print CNT buckypaper on both sides of 
substrate to make full-composite antennas with desired shape and structure. Different 
kinds of substrate are considered to show the versatility of the proposed fabrication 
process.   
Chapter 7 contains conclusions of the thesis and addresses future research into the use 






Chapter 2 : Shielding Characteristics of 
Reinforced Continuous Carbon Fiber 
Composites 
 
The reinforcing fibers of the carbon-fiber composites could be in various forms such 
as RCCF, short carbon fiber (SCF), carbon nanotube (CNT), and carbon black (CB). In 
this dissertation, we consider two frequently-used CFCs, namely RCCF and CNT 
composites. These materials have good mechanical and chemical properties. Moreover, 
the electrical conductivity of these CFCs is typically higher than other types of 
composites, making them more suitable for EM and shielding applications.   
A typical RCCF composite is composed of a resin reinforced by fibers that are 
oriented in a specific direction, as shown in Figure 2.1. Such materials are often made in 
several or many layers, with the carbon fibers oriented in a different direction in each 
layer, to approximate isotropic behavior. The cross-sectional view of a single-layer 
RCCF is shown in Figure 2.1 (b). The average diameter of fibers is 4.98±0.36  m and 
separation distance between fibers is typically 1 μm. The density of RCCF composites is 
around 1.5 g/cm
3
, half that of aluminum and more than five times lower than copper. 
From an EMC point of view, since for most applications the shielded device is under 
far-field electromagnetic field exposure, plane wave shielding effectiveness is adequate  
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Figure 2.1 (a) RCCF composite, (b) Cross-view, (c) Optical micrograph of RCCF 
Composite (scale bar 50 μm). 
 
for analysis. A full-wave numerical solution simulation must use a very fine 
discretization step to represent the individual composite fibers, which leads to a very 
time-consuming process. Therefore, due to the complex structure of composites, some 
analytical techniques with specific assumptions have been introduced to simplify the 
problem [36], [38], [41]. In [38], a model based on filament currents and the “thin current 
assumption” was proposed to provide a highly accurate result at high frequencies. 
However, the accuracy of this model depends on both frequency and incidence angle so 
that it is not valid for some particular oblique incidence directions. In [41], a periodic 
surface integral equation was employed to analyze one-layer fiber-reinforced composite 
materials. Even though this method predicts the composite shielding behavior well at 
very high frequencies for all incidence angles, it requires a lot of CPU time particularly 
when applied to multilayer composite material structures.  
When the period of periodic structure is much less than wavelength, the structure can 
be approximated as a uniform medium with an effective value for the conductivity. In 












(a) (b) (c) 
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composites has been introduced in [24]. By assuming an isotropic model for each layer 
and applying the TMM, the shielding analysis of such a multilayer medium can be easily 
performed. However, the isotropic model may not be very accurate when the anisotropic 
behavior in each individual layer is important. The conductivity in each layer of RCCF is 
high along the direction of fibers (ζx΄), but low in the perpendicular direction (ζy΄) so that 
ζx΄/ζy΄>>1 [39]. In [36][45],[46], the plane-wave shielding properties of multilayer RCCF 
composites are studied by using the homogeneous anisotropic bulk model of the 
structure. Each layer is characterized by an anisotropic permittivity tensor. Since the 
carbon fiber composite is a non-magnetic medium, the permeability of composites is 
considered as free space permeability (μ0).  The proposed anisotropic bulk model shows 
much better accuracy than isotropic model particularly at high frequencies and also when 
the fibers in different layers are in different directions. By using the anisotropic model of 
each layer, the main structure is converted to a multilayer anisotropic medium, making 
the TMM suitable to characterize the shielding properties of the structure.  
2.1 Effective Anisotropic Models of RCCF Composite 
Although the one-layer anisotropic homogeneous model can be efficiently used, it 
cannot predict the shielding behavior of composite at high frequencies. Two other types 
of anisotropic equivalent-models have been introduced for one-layer composite, namely 
three-layer homogeneous and inhomogeneous models [25], [47]. The models are shown 
in Figure 2.2. These models include more of the internal detail of the structure so that 
high frequency behavior such as resonances can be captured. In the three-layer model,  
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Figure 2.2. (a) RCCF composite, (b) three-layer homogeneous model, (c) three-layer 
inhomogeneous model [25]. 
 
each layer of composite is divided to three sub-layers. The middle sub-layer includes the 
conducting fibers and is represented with an effective anisotropic homogeneous or 
inhomogeneous medium. Although the homogeneous model shown in Figure 2.2(b) 
increases the validity of composite model for higher frequencies, it cannot capture the 
resonant behavior at high frequencies for some cases. The resonances at high frequencies 
occur due to a phenomenon called as “grating effect” of periodic structures. When the 
separation distance between fibers are in the order of wavelength, the periodic structure 
lets the electric field parallel to fibers go through and as a result, SE drops. The three-
layer inhomogeneous model is proposed to increase the validity of model. Similar to 
three-layer homogeneous model, in this case each layer is divided to three parts. The 
middle part is an inhomogeneous medium with effective permittivity tensor given by [25] 
 1 1 1(1 )y m fg g  
  
     (2.1) 


























where 22 /g Dz z P   . For the homogeneous model, g is equal to πD/4P which is the 
ratio of fiber cross section area to the total cross section area at the middle layer. The 
inhomogeneous property of middle layer is due to the variation of structure geometry 
along the z direction. When a wave reaches to the middle layer and propagates through, 
the wave sees an increasing cross-section of the fiber until the center of the fiber and then 
the wave sees a decreasing fiber cross-section. The three-layer inhomogeneous layer 
represents much more of the detail of structure so that the accuracy of this model is high 
for a very wide range of frequency. Using the effective anisotropic models, we study the 
SE characteristics of RCCF composite by applying the TMM technique. Since the 
electromagnetic properties of an anisotropic medium are completely different from an 
isotropic one, the plane wave propagation inside these kinds of material is first briefly 
explained.  
2.2 Plane Wave Propagation in Anisotropic Materials  






















,x y  and 1z are the permittivities along the principal axes (x1 , y1, z1). Generally, 
the principal axes do not correspond to the global coordinate directions (x, y, z). 

























Figure 2.3. (a) A plane wave in anisotropic media with specific nˆ  [48]. (b) A plane wave 
in anisotropic media with specific nx. 
 
where T is the coordinate rotation matrix. Hence, in global xyz coordinates, we have a 














For the following analysis, we assume that the principal axes coincide with xyz axes. The 




E E  (2.6) 
where 
 ˆ x y zn n n  n x y z  (2.7) 
and 2 2 2 2 20 0 0 0 0, , ,x x y y z zk k k k k k k        . Using Maxwell equations we have [48] 
 2( ) 0.     n n E E  (2.8) 
When the principal axes coincide with the xyz axes, if we set the determinant of 
coefficients in (2.8) to zero, we obtain 
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The solution to this “dispersion equation” is always a spherical surface and an ellipsoid. 
For example, if we assume the xz plane (ny = 0), (2.9) becomes 
 2 2 2 2 2 2 2 2 2 2( ) ( ) ( ) 0.y x x z z z xk k n k k k n k k k        (2.10) 
As shown in Figure 2.3 , for a specific vector nˆ , by regarding the forward and backward 
propagation, we have generally four propagation constants. Figure 2.3(a) shows the 
propagation constants of a plane wave in the specific direction of nˆ . In Figure 2.3(b), the 
propagation constants for waves with a specific nx value are illustrated. The constants ko 
and kex are associated with “ordinary” and “extraordinary” modes, respectively. Where 
the circle and the oval intersect each other, we have a single value of the propagation 
constant for that one specific direction, and that direction is called an “optical axis”. It 
should be noted that in some planes the circle and ellipse do not intersect. Since both 
ordinary and extraordinary modes are excited inside an anisotropic medium, the TMM 
formulation of multilayer anisotropic media is expressed as a 4×4 matrix rather than  two 
2×2 matrices as for isotropic media. It should be noted that when the principal axis is not 
parallel to the xyz coordinates, coupling between ordinary and extraordinary modes 
exists.  
2.2.1 Shielding Analysis of Multilayered RCCF Using Transmission 
Matrix Method  
It was noted above that the equivalent models can predict the electromagnetic 
properties of composites. The three-layer anisotropic inhomogeneous model is the most 
accurate equivalent one among proposed equivalent models. The effective parameters of  
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Figure 2.4. The g-factor and magnitude of permittivity inside composite layer 
characterized by equivalent inhomogeneous model. 
 
composites displayed in Figure 2.2 can be obtained from (2.1). Figure 2.4 shows the 
calculated magnitude of permittivity along the fiber direction in the layer at three 
different frequencies. It is observed that at the permittivity of middle region has a 
considerable inhomogeneous behavior.  
D = 50 µm 
D = 50 µm, P = 100 µm, L = 750 µm 
D = 50µm 
L= 750µm 
σf =10000 S/m 
D = 50µm 
L= 750µm 
σf =1 S/m 
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Figure 2.5. Dividing inhomogeneous layer to several homogeneous sub-layers.   
 
 
Figure 2.6. Multilayer RCCF composite inhomogeneous model characterized by a 
number of homogeneous sub-layers.  
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In order to convert an inhomogeneous problem to a homogeneous one, we may split each 
inhomogeneous layer to M homogeneous sub-layers as displayed in Figure 2.5. By doing 
so, it is observed that each layer of a multilayer reinforced composite comprises M+2 
layers. The number of sub-layers M depends on how rapidly the permittivity changes 
with distance and by choosing higher values, the results would converge better. After 
converting the inhomogeneous medium to a multilayer homogeneous one, we obtain the 
multilayer anisotropic model shown in Figure 2.6. The TMM technique along with 
anisotropic medium characteristics is used to solve the problem. 
2.3 Incident Plane Wave on Multilayer Anisotropic Medium 
As shown in Figure 2.7, the reinforced composite can be modeled as one anisotropic 
medium with principal axis (x′, y′, z′) so that x′ and z′ are parallel to fiber direction and z-
axis, respectively. The angle of reinforced-fiber direction to the global coordination axis 
is assumed as φ. By solving Maxwell’s equations in each layer, the TMM is applied to 






































in x′y′z′ coordinates, and are  not diagonal in xyz coordinates. In case the layers are lossy, 




























 2 2sin cosxx y z        (2.14) 
 2 2cos sinyy y x        (2.15) 
 zz z    (2.16) 
 ( )sin cos .xy yx y x          (2.17) 
A plane wave can be decomposed into parallel and perpendicular components, 
corresponding to the parallel and perpendicular polarization. As explained earlier, when 
an anisotropic medium is excited by a plane wave, we have two ordinary and 
extraordinary modes with different propagation constants. When principal coordinate 
directions coincide with the global coordinates, each parallel mode and perpendicular 
mode excitation separately leads to ordinary and extraordinary modes and there is no 









global axes, coupling between two modes exists which leads to coupled equations. The 
solution of such a problem is explained as follows. The incident plane wave is given by 
 
( )ˆ x y zj k x k y k zjke e
   .0 0
n r
E E E  (2.18) 
By substituting (2.14)-(2.18) in Maxwell’s equations, we obtain: 
  
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 (2.19) 
In a multilayer anisotropic media, as shown in Figure 2.8, the parameters kx and ky should 
be constant in all layers to satisfy the boundary condition at interfaces. Moreover, for 
convenience suppose that the plane wave is incident in the x-z plane, and hence ky = 0. 
Therefore given (kx, ky) and the dielectric tensors(2.14)-(2.17), the roots of the coefficient 
matrix determinant give us the propagation constants kzi as 
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 (2.22) 
By solving (2.21), four wave vectors (Ki vectors) are obtained which are related to 
ordinary and extraordinary modes which are forward and backward in the z-direction 
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Figure 2.8. Multilayer anisotropic media excited by an incident plane wave. 
 
 ( 1,2,3,4)x zik k i  iK x z  (2.23) 
with the corresponding polarization vectors 
 ix iy izp p p  ip x y z  (2.24) 
in which 
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Also the vector ip can be normalized by using normalization constant ( ip /| ip |). Hence, as 
shown in Figure 2.8, in each layer two transmitted and two reflected waves exist. We can 
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By applying the Maxwell equations, the H-field is 
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Imposing the boundary conditions for tangential electric and magnetic fields, we are able 
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D and P are called dynamical and propagation matrices. The dynamical matrix will be 
diagonal if the coupling between modes does not exist. The matrix R is the coordinate 
rotation matrix which is applied to avoid singularity of some inverse matrixes. Finally the 
relation between fields in regions 0 and N+1 is  
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  (2.31) 
and 
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where 0 0 cosz ik     and θi is the incidence angle as shown in Figure 2.8.  Finally, 
by given incident plane wave with arbitrary propagation direction, after some 
mathematical procedures, the SE of multilayer composite can be obtained as 
 20logSE
 







in which |Et| and |Ei| can be expressed in terms of Ci coefficients using (2.26) . 
2.3.1 Simulation Results Using Three-Layer Anisotropic 
Inhomogeneous Model 
By implementing the above code, we generate the simulation results for some case 
studies. By setting t = 3 mm, εrm = εrf = 2, ζf  = 10000 S/m, D = 0.05mm, P = 0.1 mm, L = 
0.75 mm, the SE of a four-layer composite using two different models, namely the 
anisotropic one-layer homogeneous model and the three-layer inhomogeneous model, is 
calculated as displayed in Figure 2.9. It is observed in Figure 2.9(a), for the E||-mode that 
at high frequencies, the three layer inhomogeneous model agrees much better with the 
FEM result than does the one-layer homogeneous model. FEM is a well-known full-wave 




Figure 2.9. SE of four layer composite, (a) (0/90/0/90), (b) (0/30/90/-60). 
 
The inhomogeneous model includes more details of the structure such that it can 
predict the high frequency behavior much better than the homogeneous model. As shown 
in Figure 2.9(b), the SE shows highly different behavior for two different electric field 
polarizations (E|| and E┴).  Since in RCCF composites there is a coupling between modes, 
the shielding properties could be very different for parallel and perpendicular modes as 
observed in Figure 2.9(b).  
2.3.2 Simulation Results Using One-Layer Anisotropic Homogeneous 
Model 
Here, the SE of multilayer composite laminates is obtained analytically by using the 1-
layer anisotropic homogeneous model of each layer along with the TMM technique. The 
SE sensitivity analysis is performed as a function of fiber orientation and plane wave 
parameters, which are the angle of incidence and the polarization of the electric field. The 
SE of 1 mm-thick 8-layer and 12-layer composites are calculated for different fiber  








Figure 2.10. SE of 8-layer reinforced composite material, (a) perpendicular E-field (E┴), 
(b) parallel E-field (E║). 
 
 
Figure 2.11. SE of 12-layer reinforced composite material, (a) perpendicular E-field (E┴), 
(b) parallel E-field (E║). 
 
orientation patterns in Figure 2.10 and Figure 2.11, respectively. The relative permittivity 
is considered as 3.3 for all layers and the conductivity tensor in principal coordinate is 
(10000,0.1,0.2) /S m   for all cases. It can be observed that at frequencies greater than 1 
GHz, we have more than 10 dB difference between SE for various orientation patterns in 
both E┴ and E|| cases, which can be explained as follows. Due to the coupling between 








Figure 2.12. The effect of polarization angle on SE, (a) 12-layer and (b) 8-layer 
composites. 
 
Figure 2.13.  The effect of incident angle on SE, (a) E┴ and (b) E||. 
 
independent of the polarization of the incident plane wave. Hence, the different 
orientation patterns have different effects on the attenuation of these components. On the 
other hand, the orientation of fibers can be used to control the shielding effectiveness of 
multilayer composites at the frequency range of interest. It should be noted that the SE 
calculated in Figure 2.10 and Figure 2.11 is just for E┴ and E|| modes which are 




polarization angle γ on the SE of 8-layer (0/30/60/90/90/60/30/0) and 12-layer 
(0/30/45/90/-45/-30/0/30/45/90/-45/-30) composite materials. It can be seen that the SE 
changes considerably with the polarization angle γ at higher frequencies. The effect of 
incidence angle θ on the SE is calculated for E┴ and E|| modes in Figure 2.13(a) and 
Figure 2.13(b), respectively. It is observed that the SE decreases for E|| and increases for 
E┴ as the incidence angle increases. The reflection coefficient between air and a highly 
lossy material decreases in the E|| case as the incidence angle increases from zero up to 
the angles close to the grazing incidence [50]. As a result, the power transmission 
increases for the E|| mode versus incidence angle. Contrarily, in the E┴ case, the 
transmission coefficient and as a result the SE decreases as the incidence angle increases. 
2.4 Measurement Setups and Experimental Results 
In order to use composites in industry, the measurement result of shielding properties 
is a key factor which should be presented to verify the performance of a composite 
experimentally. Actually the numerical and analytical models are often used to 
understand the electromagnetic properties of a material and to obtain a design outline to 
get better SE. In a design outline, one may provide a table showing the effect of different 
parameters like sample thickness, fiber orientation, carbon concentration on SE of 
composite. Different types of measurement setups are used to evaluate the SE of 
composites experimentally [51]-[55]. For example, the dual TEM-cell setup [51], lens 
antennas for free space measurements [52], the coaxial cable fixture [53][54] and 
standard waveguide setups [22][55] can be used for shielding measurements. Choosing 
the appropriate kind of measurement setup depends on the frequency range of interest.  
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The coaxial cable fixture is one of the most common setups. This setup is widely used for 
low-frequency SE measurements. The cut-off frequency of a coaxial cable depends on 
the diameter of inner and outer conductor so that a coaxial cable with 33mm and 76mm 
diameters has a 1.7 GHz cut-off frequency and with 6mm and 14mm has a 9.5 GHz cut-
off frequency. Since the plane wave parameters (incident angle and polarization angle) 
affect the SE, it is important to determine the plane wave parameters in measurement 
setups. In the coaxial cable fixture, the incident angle is normal because the propagation 
mode is transverse electromagnetic (TEM).  And because of electric field vector is in the 
radial direction, all polarizations altogether are tested in the SE measurement. However, 
the operating frequency range is limited by cut-off frequency of next mode (TE11) in the 
coaxial cable fixture.  Above the TE11 cut-off frequency other modes exist and the results 
of an SE measurement become difficult to interpret.  
To cover a wide frequency range a set of standard waveguide setups can be used, each 
over a limited frequency range where only the dominant mode propagates. Thus, we can 
measure SE by using G-, X-, Ku- and K-band waveguides. The dimensions of standard 
waveguides and their operating frequency ranges are given in [56].  
In a waveguide setup, the fundamental mode is TE10 with the electric field distribution 
as shown in Figure 2.14(a).  The y-directed electric field distribution is 
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Figure 2.14. Rectangular waveguide setup, (a) TE10 electric field distribution at cross-
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From (2.35) and observing Figure 2.14(b), we find that the incident wave in a waveguide 
is composed of two oblique-incident plane waves with constant amplitude.   
It is important to note that the waveguide setup tests the SE with the electric field   
oriented in the y direction and so for anisotropic materials, the results will depend on the 
orientation of the sample in the waveguide. Although the waveguide setup tests the SE 
for a particular incidence direction, it is in xz-plane and not yz so that the polarization of 
the electric field does not depend on the incidence angle. 
As experimental setup for low frequency measurements, up to 1.7 GHz, we used the 
coaxial cable fixture shown in Figure 2.15(a). A one-layer RCCF sample was fabricated 
in CONCOM laboratory using the following procedure [57]. Provided by Hexion 
Specialty Chemicals [58], the mixture of epoxy resin Epon 862 and the curing agent (26.4 












Figure 2.15. (a) Coaxial cable fixture, (b) Measurement results. 
 
one ply of unidirectional carbon cloth (T300), produced by MF Composites [59], with the 
mixture between two aluminum plates coated with demolding agent, the plates were 
tightened. Then, the composite was cured at 120°C for 6 hours. The thickness of sample 
is 0.399 mm. 
Using an HP8720 network analyzer, the SE of three fabricated composite samples was 
measured as shown in Figure 2.15(b). There are two samples of RCCF composite that are 
4.5 mm thick and have 12 layers. The orientation of the fibers is different in the two 
samples. In one it is 0/15/-15/30/-30/45/-45/60/-60/75/-75/90 and in the other it is 
0/90/0/90/0/90/0/90/0/90/0/90. The third sample is 6 mm thick and has 24 layers. The 
measured SE in Figure 2.15(b) shows that even though the thickness of 24-layer sample 
is one-third larger than that of the 12-layer samples, the SE of 24-layer composite is 
much less than 12-layer one. It is owing to this fact that the fiber orientations of all layers 
in 24-layer sample are in the same direction, and so only block the component of the 
electric field parallel to the fibers, and not the perpendicular component.   








Figure 2.16. SE for two different configurations using waveguide measurement setup. 
 
Note in Figure 2.15(b) that the SE of the two 12 layer samples is similar, but is different 
in detail. The 0/15/-15/30/-30/45/-45/60/-60/75/-75/90 sample has a higher SE at 400 
MHz, but the SE is lower between 800 and 1500 MHz. This may be due to the some 
differences between fabricated sample and EM model of sample.  
For high frequency measurements, we used an X-band (8.2-12.4 GHz) waveguide 
setup. The waveguide cross-section size is 22.86 × 10.16 mm
2
.  For example, the 
measured SE of a one-layer unidirectional carbon fiber (T300-12K) sample is reported in 
Figure 2.16. SE is measured for two different cases, with the fibers parallel to the electric 
field, and with the fibers perpendicular. It is observed that SE is about 40 dB lower for 
the case that electric field is perpendicular to fiber orientation. 
2.5 Summary 
In this chapter, the electromagnetic and shielding properties of RCCF composites were 
investigated. The equivalent inhomogeneous anisotropic model was efficiently used to 
Carbon fibers  
Vertical Config.  Horizontal Config.  
y 
E 
Vertical electric field (E) 
8.2-12.4 GHz 
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analyze the shielding characteristics of RCCF composites. The effect of orientation 
pattern and incident plane wave parameters on shielding effectiveness of multilayer 
RCCF composites was studied. It was shown, both numerically and experimentally, that 
using different orientation patterns in the multilayer composites controls the shielding 
properties of the structure. The effect of incident angle was different on the shielding of 
perpendicular (E┴) and parallel (E||) modes. Moreover, the effect of incident plane wave 
polarization angle was evaluated for two typical multilayer composites. It is observed that 
shielding effectiveness varies considerably at higher frequencies for different polarization 
angles.   
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Chapter 3 : Carbon Nanotube 
Composites 
 
CNTs were discovered by Ijima in 1991 [60]. CNTs are made from rolled sheets of 
graphite. Generally there are three types of CNTs, namely zigzag, armchair, and chiral 
nanotubes [61]. CNTs are found in two categories, namely single wall carbon nanotubes 
(SWCNT) and multiwall carbon nanotubes (MWCNT). The diameter of CNTs is in the 
order of a few nanometers whereas the length could be in the order of few micrometers. 
Details about CNT types and models of materials are given in [62]. There are different 
techniques to produce CNTs such as arc discharge, laser ablation, high pressure carbon 
monoxide (HiPCO), and chemical vapor deposition (CVD) methods. The CVD method, 
known as catalyst method, is the most common technique to make cheaper CNTs in 
higher quantities [63]. The Young’s modulus and tensile strength of a CNT are 1.2 TPa 
and 150 GPa, respectively, whereas the strength of steel is about 2GPa. The density of 
CNTs is around 1.4 g/cm
3
, half that of aluminum and more than five times lower than 
copper. The thermal conductivity of CNT is about 3500-6000 W/m·K, more than ten 





, about one thousand times that of copper. CNTs are stable at high temperatures 
up to 2800 
°
C in vacuum and 750 
°
C in air.   
Outstanding mechanical properties, high electrical conductivity and high aspect ratio 
(AR) make the CNTs one of the most promising filler materials for conductive polymer 
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composites [64]-[73][78]-[79][81][80]. AR is the ratio of length to diameter of nanotube.  
Compared to other kind of carbon composites such as carbon black (CB), CNT 
composites show higher conductivity with lower carbon percentage. For example, for 
composite with 0.35% CNT, one may need to use 20% CB composite to reach to the 
same level of conductivity [79]. The other advantages of CNT composites are the 
uniformity and isotropy. Due to the high AR and small size of CNTs which is about a few 
nanometers in diameter and few micrometers in length, the CNT composite maintain its 
uniformity and isotropy even for higher carbon concentration. The AR of the nanotubes is 
one of the main parameters that affect the percolation behavior and as a result, the 
conductivity of the nanocomposites [64],[69]-[71],[80][81]. Due to the low price and 
scalable production, MWCNTs are extensively used to produce conductive composites 
[64] with epoxy resins, one of the most widely used thermosets. The conductivity of the 
composite and its SE depend on the loading and characteristics of the MWCNTs, and 
also the properties of the conductive network formed by the MWCNTs all over the matrix 
[80][81]. In order to produce a conductive network, highly-entangled accumulations of 
MWCNTs should be distributed efficiently in the resin by shear mixing or by ultrasonic 
processing. Among the shear mixing techniques, three-roll milling [65]-[68] is one of the 
best methods as it is solvent free, scalable, uniformly shears the entire volume of the 
material, and can easily handle high nanotube loadings [80][81].   
The majority of the studies on nanocomposites made of CNTs and thermoplastics 
[72]-[75] or thermosets [76]-[78] have reported the shielding effectiveness to be up to 60 
dB over various frequency ranges, from low frequencies (130 MHz) up to the K-band 
where the maximum SE of 20 to 60 dB is achieved only at very high nanotube loadings 
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(15 to 50 wt%). However, high CNT loading (>10 wt%) is detrimental to the process and 
cost of the composite. Therefore, it is very demanding and desirable to make highly 
conductive composites with low CNT loading.    
Recently in the CONCOM laboratory, highly conductive nanocomposites have been 
produced so that they are made of mass-produced MWCNTs at low loadings (<10 wt%) 
and epoxy resin [81]. Three-roll milling was used for MWCNTs dispersion. The high 
shielding performance of various samples over G-, X-, Ku- and K-band frequency range 
is investigated and compared with SE of other types of CNT samples reported in the 
literature. In addition to the conductivity, the thickness of the sample determines the SE 
as well. The effect of sample thickness on the SE of our nanocomposites is assessed and 
verified experimentally.   
In what follows, we first briefly introduce the preparation process and DC 
conductivity properties of the proposed highly conductive composites. Then, the SE and 
effective conductivity results over the desired frequency range will be presented.    
3.1 Sample Preparation and Percolation Curves 
The samples were produced by CONCOM using the preparation method explained in 
[81]. MWCNTs synthesized by CVD were provided by Arkema (Graphistrength-C100), 
Bayer Material Science (Baytubes-C150P) and NanoLab (Industrial Grade CNTs–NLIG). 
Their main characteristics are presented in Table 3.1. 
Table 3.1: Characteristics of the MWCNTs given by the manufacturer [81] 
Acronym Lot no. Outer Diam. (D)., nm Length (L), μm 
C100 7127 10-15 0.1-10 
C150P 103 13-16 1->10 




Figure 3.1. SEM micrographs of NLIG composites (a) 1 wt% loading, (b) 8 wt% loading 
[80]. 
 
3.1.1 Composite Preparation 
The composite preparation details were given by Dr. Rosca from CONCOM as 
follows [81]: 
 The resin, the curing agent (26.4 wt%) and the MWCNTs were weighed and hand 
mixed to form batches of 12 g. As the reactivity of the curing agent is very low at room 
temperature, we added the curing agent from the beginning in order to reduce the mixture 
viscosity, especially for high nanotube loadings. The batch was three-roll-milled for 
several times on a laboratory scale mill (EXAKT 80E, EXAKT Technologies, Inc.) at 
different shearing intensities. Next, the mixture was degassed in a vacuum oven at 90 °C 
for 30 min and loaded between two aluminum plates coated with demolding agent and 
(a) (b) 
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separated by a PTFE spacer of 1.6 mm thickness. Finally, the plates were tightened 
together by bolt joints, and the composite was cured at 120 °C for 6 hours. After 
demolding, the composite was trimmed to form 50 × 50 × 1.6 mm
2
 plates.  Batches with 
nanotube loading lower then 0.5 wt% were prepared by dilution of the 0.5 wt% mixture. 
The SEM micrographs of Figure 3.1 shows that three-roll milling is a very suitable 
method for homogeneously dispersing MWCNTs over a wide range of loadings.  
3.1.2 DC Conductivity Measurements 
The van-der-Pauw method is used to measure the conductivity of MWCNT 
composites [82] [83]. According to the percolation theory [84] the conductivity of 
composite can be expressed as   
  0
t
cp p    (3.1) 
where p is nanotube weight fraction, pc is percolation threshold,  t is critical exponent and 
ζ0 is the conductivity of an element of the percolating network. Figure 3.2 and Table 3.2 
present the percolation curves and the percolation parameters respectively for our 
MWCNT samples. 
Figure 3.2 shows that AR has a significant effect on the conductivity of a composite. 
Having the aspect ratio 5.5 times greater, the NLIG composite shows a conductivity 
about 10 times higher than the C150P composite. The maximum conductivity of 239.1 
S/m obtained for NLIG at 8 wt% is one of the highest values reported for epoxy-





Table 3.2: Percolation parameters of the MWCNT samples [81] 
MWCNT pc , wt% t ζ0 , S/m 
NLIG 0.012 1.77 23075 
C100 0.097 1.86 5724 
C150P 0.188 1.96 3981 
 
 
Figure 3.2. Percolation curves of the considered MWCNTs, giving the DC conductivity 
as a function for the CNT loading [81]. 
 
3.2 Shielding Effectiveness of MWCNT Composites 
The shielding effectiveness of our nanocomposites was experimentally investigated 
over a wide frequency range, up to 26.5 GHz, using rectangular waveguides. As shown in 
Figure 3.3, we have used G-, X-, Ku- and K-band rectangular waveguides with 
dimensions of 47.548 × 22.148 mm, 22.86 × 10.16 mm, 15.8 × 7.9 mm and 10.668 × 
4.318 mm, respectively. Using an Agilent-E8364B network analyzer, which can operate 
from 10 MHz to 50 GHz, the measured SE of NLIG samples with different MWCNT  
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Figure 3.3. G-, X-, Ku- and K-band waveguides with cables and the network analyzer. 
 
 






X-band Ku-band K-band 
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Table 3.3: Specifications of Tested NLIG Samples 
MWCNT (% wt ) Volume fraction (% vf) Thickness (mm) 
1 0.602 1.65 
2 1.210 1.67 
4 2.439 1.8 
8 4.959 1.9 
 
loading is presented in Figure 3.4. The sample specifications are given in Table 3.3. The 
SE increases from less than 20 dB from 1 %wt to 20 to 25 dB for 2 %wt, 35 to 45 dB for 
4 %wt to 60 to 90 dB for 8 %wt.  The SE is roughly constant with frequency at G and X 
band, and increases with frequency at higher frequencies and higher CNT loadings, 
especially at K band up to 26.5 GHz. This increasing can be explained by considering the 
skin depth of the composite, which will be addressed in next section. 
In Figure 3.5 we have compared the shielding properties of our samples containing 4 
and 8 %wt NLIG with similar composites reported in the literature. It is observed that our 
nanocomposites based on NLIG with lower nanotube loading and smaller thickness have 
a much higher SE than those reported in [55], [74]-[76]. It should be noted that the 
MWCNT samples reported in [55] are characterized over an 8-10 GHz frequency range 
so that the corresponding shielding performance in Figure 3.5 is calculated only over that 
frequency band.  
Figure 3.6 presents the SE of nanocomposites made of MWCNTs with different aspect 
ratios (Table 3.1). The DC conductivity in Figure 3.2 is strongly dependent on the aspect 
ratio. Figure 3.6 shows that the SE is much higher using nanotubes with a high aspect 
ratio. Thus the SE with NLIG is 60 to 90 dB over the 4 to 26 GHz frequency range, much 




Figure 3.5. Comparison of NLIG shielding performance with other samples from the 







Figure 3.6. The effect of aspect ratio on the SE of proposed nanocomposites. 
 
3.3 Effective Conductivity of NLIG-MWCNT Samples and 
Simulation Results 
In Section 3.1, D.C. conductivity (ζDC) of the nanocomposites was reported along with 
the percolation curves (Figure 3.2). However, since composite materials may show 
noticeably frequency-dependent behavior, it is important to characterize the effective 
parameters (conductivity, permittivity and permeability) of samples over a wide 
frequency range. In this section, we obtain the effective conductivity (ζeff) of the 
nanocomposites by minimizing the difference between the measured scattering 
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parameters and simulations provided by CST MWS. The effective conductivity is also 
obtained by using analytical method and the results are compared with CST MWS 
results. Furthermore, for design purposes, the SE/thickness diagrams of 1%, 2%, 4% and 
8%wt MWCNT NLIG samples are provided for the whole frequency range of interest by 
using the effective parameters of sample. The results are also verified experimentally. 
3.3.1 Effective Conductivity 
The scattering parameters of the slab of composite material in the waveguide could be 
determined by mode matching [85].  The slab is assumed to be homogeneous effective 
parameters (εreff, μreff), where the complex permittivity is used to include the effect of loss. 
Our composite materials are non-magnetic so the permeability is that of free space [55] 
[42][86]. The dominant mode inside the waveguide and slab is TE10 mode. Evanescent 
modes exist in the waveguide both inside the slab and in the air near the surfaces of the 
slab, and store energy.  Based only on the dominant mode, the scattering parameters of 
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where Ei, ER, and ET are incident, reflected and transmitted electric fields in the 
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and ω = 2πf and a is the width of the waveguide.  The accuracy of the model could be 










Figure 3.8. The magnitude of scattering parameters of the proposed MWCNT 
nanocomposites, (a) 1%wt, d = 0.9 mm. (b) 2%wt, d = 0.9 mm, (c) 4%wt, d = 0.5 mm and 
(d) 8%wt, d = 2 mm. 
 
Figure 3.7 shows a realistic model of the waveguide measurement setup for analysis 
with CST MWS software.  CST MWS is based on the finite integration technique (FIT) 
[87]-[89], which discretizes the integral form of Maxwell equations, and so inherently 
accounts for the energy-storage effects of cutoff waveguide modes in the slab and near 
the surfaces of the slab, and so is expected to be more accurate than the dominant-mode 



















Table 3.4:  Effective Conductivity of NLIG Samples versus MWCNT Concentration 
Simulation Setup 
MWCNT (% wt) 
1 2 4 8 
CST MWS 10 S/m 20 S/m 110 S/m 215 S/m 
Analytical Model 13 S/m 22 S/m 118 S/m 228 S/m 
DC Measurement 6.9 S/m 21.5 S/m 73.6 S/m 239.1 S/m 
 
 
Figure 3.9. (a) Skin depth of NLIG samples given in Table 3.3 versus frequency, (b) 
Thickness to skin depth ratio of NLIG samples. 
 
In order to find the effective conductivity of the slab, we try to minimize the 
difference between measured and simulated S11 and S21 scattering parameters, for various 
complex permittivity values so that the conductivity can be extracted from the imaginary 
part of the complex permittivity. We match the mean value of the simulated scattering 
parameters to the mean value of the measured parameters over the desired frequency 
range, and choose the complex permittivity that makes the mean values closest. For 
conciseness, only the X-band results are shown in Figure 3.8.  
Table 3.4 shows the conductivity for samples with 1%, 2%, 4% and 8% MWCNT, 
from both the CST MWS model and analytical model of (3.2) to (3.10). The conductivity 
(a) (b) 
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values obtained by the two models are comparable, but differ somewhat. The more 
accurate values are those obtained by the MWS model, which inherently accounts for 
higher-order modes in the slab and near the surfaces of the slab.   
Table 3.4 shows the measured DC conductivity ζDC of the samples.  The values for 2% 
and 8% loading are comparable to the effective values determined from the MWS model, 
but the values for 1% and 4% loading are considerably different. By changing MWCNT 
loading from 1% to 8%, the effective relative permittivity of samples varies from 4 to 15, 
respectively. Due to the skin depth phenomenon, since for highly conductive materials 
the conductivity of material has major contribution in SE rather than relative permittivity, 
here we just discuss the conductivity of samples. Figure 3.9(a) shows the skin depth,
01/ f    , of the NLIG samples versus nanotube loading. Figure 3.9(b) shows the 
ratio of sample thickness to skin depth (d/δ) for NLIG samples given in Table 3.3. It is 
observed that for NLIG with 8%wt loading, the d/δ ratio increases significantly with 
frequency.  This explains why the SE in Figure 3.4 increases with frequency between 18 
and 26 GHz where d gets greater than about 8δ. In fact, as the frequency increases, the 
skin depth decreases and the SE increases, even if the conductivity is constant.   
3.3.2 Effect of Sample Thickness on Shielding Properties 
For design purposes, we may need to control the shielding level by considering the 
cost limitations. It was observed that the level of SE could be controlled by using 
different MWCNT loadings. One of the important factors which can be used to adjust the 
level of SE is sample thickness. Therefore, providing the SE/thickness table for any kind 
of composite sample can be efficiently used for design purposes in different applications.   
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Figure 3.10. The SE of NLIG sample versus sample thickness over X-band frequency 
range. 
 
Table 3.5: SE / Thickness of NLIG Samples with Different MWCNT Concentrations 
MWCNT X-band Ku-band K-band 
1 % 4.7 ± 0.4  dB/mm 5.1 ± 1  dB/mm 4.6 ± 0.6   dB/mm 
2 % 6.8 ± 0.4  dB/mm 7.3 ± 2   dB/mm 8.7 ± 1.3   dB/mm 
4 % 14 ± 1.5   dB/mm 16 ± 1.7 dB/mm 16.8 ± 1.7  dB/mm 
8 % 26 ± 0.5   dB/mm 32 ± 2    dB/mm  34 ± 4      dB/mm 
 
For a slab of conductive material where the skin depth is much less than the slab 
thickness, SE can be estimated by ignoring interactions between the surfaces as follows 



















s  and 0  are the intrinsic impedances for the TE10 mode for the slab and for air, 
respectively. Equation (3.11) shows that the SE increases linearly with thickness d for 
highly-conductive composite samples. 
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Using the waveguide simulation setup (developed in MWS) and using the 
characterized effective parameters of the previous section, we have investigated the effect 
of the sample thickness on SE of NLIG samples over the considered frequency range. 
Figure 3.10 shows the simulated SE vs. thickness curves over the X-band frequency 
range. By fabricating samples with different thicknesses, the experimental results (points 
on Figure 3.10) are in good agreement with those of the simulations and (3.11). The SE 
of the composites shows a nearly linear dependence on the sample thickness with the 
slope given by (3.11). The slope representing the SE per unit thickness of the composite 
with different NLIG loadings over the X-, Ku- and K bands is presented in Table 3.5. We 
also provide a margin for SE level which is obtained from minimum and maximum 
variation of SE versus sample thickness over the desired frequency range. The results 
were also verified experimentally which is not shown here. 
3.4 Summary 
In this chapter, the electromagnetic and shielding properties of CNT composites were 
investigated. Three roll milling was successfully used to form highly conductive 
homogeneous MWCNT-epoxy dispersions with nanotube loading up to 8 wt%. The 
shielding performance of the proposed highly conductive MWCNT composites was 
investigated over a wide frequency range up to 26.5 GHz. In addition to non frequency 
dependant behavior, the SE level can reach to 90 dB over a part of K-band and more than 
60 dB over G-, X- and Ku-band frequency ranges by loading sample with only 8%wt 
MWCNT. The proposed nanocomposites show an outstanding shielding improvement 
compared to the other type of CNT composites introduced in literature so far. The effect 
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of aspect ratio was also investigated. It was found that higher aspect ratio results in lower 
percolation threshold and higher conductivity. As the MWCNT aspect ratio increases 5.5 
times, the SE of the corresponding composites increases by more than 40 dB. The 
effective conductivity of the proposed nanocomposites was calculated by fitting the mean 
of simulated and measured scattering parameters of waveguide setups. Showing very 
high shielding effectiveness for low MWCNT loading (<10%), nanocomposite made of 








Chapter 4 : Green’s Function of a 
Dielectric Slab Grounded by CFC 
Materials 
 
The fuselage of many modern aircraft is made of composite material. Since the 
fuselage can be used as the ground plane for the antennas installed on it, investigating the 
performance of such antennas operating on a composite ground is an issue to be 
addressed. Moreover, composites are increasingly used in antenna and microwave 
circuits, such as full composite antennas discussed in the previous chapters. There have 
been very few published works on EM characterization of specific composite circuits 
[91]. From the EMC point of view, the crosstalk between transmission lines and the 
coupling between printed composite antennas on the substrate is another issue which 
needs to be addressed. Hence, evaluating the Green’s function of a dielectric slab with a 
composite ground plane when both source and observation points located at the air-
dielectric interface becomes imperative. Many papers investigate the Green’s function of 
a dielectric slab backed by a perfect electric conductor (PEC) as a ground plane [92]-
[100]. In [100], an imperfectly-conducting ground plane is considered, but the small 
ohmic loss approximation (conductivity > 10
6 
S/m) is used for EM field calculation, 
showing that the fields at the air-dielectric interface do not depend on the conductivity of 
ground plane. However, the ohmic loss of CFCs, with a conductivity of about 10
4
 S/m, is 
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much higher than copper or other kinds of metals. Furthermore, in addition to the high 
loss, RCCF is also an anisotropic material, making the solution completely different than 
that for an isotropic ground plane.  
In this Chapter, using the spectral domain method, we calculate the exact solution for 
the Green’s function of a dielectric slab backed by a CFC ground plane and excited by a 
horizontal electric dipole (HED). The assumed CFCs are efficiently modeled by the 
corresponding surface impedance sheets; a lossy anisotropic sheet for RCCF and a lossy 
isotropic sheet for CNT. The expression for the electric field is obtained and the 
numerical integration is addressed in detail. Finally, some numerical results are presented 
and compared to that of the slab with a PEC ground plane.  
4.1 HED on Dielectric Slab Grounded by RCCF Composite 
Figure 4.1 shows an x-directed horizontal electric dipole (HED) on a dielectric slab of 
infinite extent in the transverse direction, backed by an RCCF sheet. Because of its high 
conductivity, the RCCF sheet can be modeled by an anisotropic impedance surface 
 ,x yZ Z  as follows 








   
 
 (4.1) 
where 2 f  and 70 4 10 
  .  We will find the solution for an anisotropic ground 
plane, and for the isotropic case, we can set x yZ Z Z  . Without loss of generality, the 
electric source current distribution can be as assumed to be polarized along x. Figure 4.1 




Figure 4.1. HED located on the slab grounded by RCCF composite material. 
 
air above it. Then the source-free Maxwell equations are solved to calculate the z-
components of EM fields in each region.  
From the Maxwell equations, the wave equation in each region is expressed as 
 
2 02k E + E  (4.2) 
 






















By defining the two-dimensional Fourier transform as  
    , , , , ,yx jk yjk xx yk k z x y z e e dxdy
  
 
  E E  (4.5) 
the solution in the spectral domain for the z-component of the EM field in each region 
can be obtained as  
≈ 
Jx 
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2 2 2.x yk k    (4.12) 
where A, B, …, F are unknown coefficients. The other components of fields are obtained 
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Then, the unknown coefficients are calculated by imposing the following boundary 
conditions  
 1 2 atx xE E z h   (4.17) 
 1 2 aty yE E z h   (4.18) 
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 1 2 atx xH H z h   (4.19) 
 1 2 aty y xH H J z h  
  (4.20) 
 1 1 at 0x x yE Z H z    (4.21) 
 1 1 at 0.y y xE Z H z   (4.22) 
 
After a considerable algebraic procedure, the coefficients inside the slab are found to be 
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  (4.26) 
where 
      6 2 20 0 0 3 1 4 1 2 0 1 2 4. x y r x x yj T Z k T k T Z j T k T T Z Z               (4.27) 
 1 1 1 2 1cos sinrT k k h j k k h   (4.28) 
 2 1 1 2 1sin cosrT k k h j k k h   (4.29) 
 3 1 1 2 1cos sinT k k h jk k h   (4.30) 
 4 1 1 2 1sin cos .T k k h jk k h    (4.31) 
Not shown here, the coefficients A and B can be easily calculated from (4.17) and (4.18). 
The effect of ground plane anisotropy is represented by terms including x yZ Z in (4.23)-
(4.27). Since we are interested in electric fields at the air-dielectric interface, xE
 and yE at 
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Note that by setting 0x yZ Z  in (4.32) and (4.33), xE
 and yE become the coefficients 
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By taking the inverse Fourier transform from (4.32) and (4.33), the spatial domain 
electric field can be obtained as 
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4.2 Electric Field Calculation  
Without loss of generality, only Ex is considered for study. By applying the 
transformation of variables cosxk   and sinyk   , (4.36) is converted to  
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so that by numerical integration with respect to α, the electric field can be obtained from 
a single infinite integration as follows  
    2 0
1
, , , .
4







The zeros of Δ given by (4.27) determine the poles of xF
 , or the surface wave poles 
(SWP) of the structure. For the slab grounded by a PEC, when the slab is electrically thin,
0 / 4 1rf c h   , there is only one SWP between 0k  and ek located at 
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Figure 4.2. The complex integrand xF
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 (4.39) 
which corresponds to the zero of 2T [85]. For a substrate with small loss, the SWP has a 
small negative imaginary part. For a CFC ground plane that is highly conductive along 
the y direction ( 0)yZ  , it can be easily shown from (4.27) that the zeros of 2T are also 
the zeros of Δ. Hence, the same TM surface waves of the slab grounded by PEC are 
excited also in the slab with composite ground. Similarly, we may conclude that when 




a CFC or PEC. In order to calculate (4.38) for the slab with a CFC ground plane, first we 
study the behavior of integrand xF
  versus   and compare it with the case that slab is 
grounded by PEC. The slab is chosen to be electrically thin and also with small loss, 
which is valid for many practical cases.  
By choosing f = 5 GHz, h = 2.5mm, εr = 5, and tanδ = 0.002, xF
  is evaluated at 
(x,y)=(λ/2,0) for different conductivity  values for the ground plane as shown in Figure 
4.2. It is observed that by increasing the conductivity, the integrand gets closer to that of 
the slab grounded by a PEC, showing an SWP at about 01.02k  , which could be also 
calculated from (4.39). At the SWP location, xF
  shows a sharp change with noticeable 
magnitude. A small sharp change is also seen around ek  for anisotropic composites. It is 
due to this fact that when ek  , then 1 0k  , setting the first term in (4.27) to zero 
which makes Δ to be an small non-zero value, especially when x yZ Z is small.  
However, 1 0k   is also a zero of the numerator of D and F coefficients. As a result, a 
slightly sharp change of xF
 occurs around ek  .    
Since the observation point and source are at the same level (z = h), the integration in 
(4.38) converges slowly, which needs special treatment [85],[95]-[100]. Moreover, in 
order to take the integration over the real axis of complex plane, some techniques like 
singularity extraction are needed to deal with SWPs [99],[100]. By increasing the 
frequency or the dielectric thickness, the number of SWPs may increase, leading to a 
complicated problem which includes locating the poles and performing the integration 
near them. Some works uses a deformed integration path to avoid dealing with SWPs 
[101]. Following [101], we consider the contour P shown in Figure 4.3 and defined by  
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Figure 4.3. The integration contour path in the complex β-plane. 
 
parameters P1, P2, and P3. Without crossing the branch cut, the path fulfills the condition
 2Im 0k  . There is no concern about  1Im 0k   since (4.32) and (4.33) are even 
functions with respect to 1k . The path is deformed over  0 , ek k so that no knowledge 
about SWP locations is required.  Then it returns to the real axis at P2 and is truncated at 
P3 when convergence of the integral has been obtained.  
The imaginary part of the integrand xF
 is oscillatory and diverges as   increases, as 
shown in Figure 4.2(b), making (4.38) converge slowly as beta increases. However, it 
should be noted that when   the behavior of both real and imaginary parts of xF
  for 
the slab with CFC ground plane converges to that of the slab grounded by PEC, 
independent of the CFC conductivity and anisotropy. The physical interpretation is that 
   implies 0f  , hence from (4.1) we have , 0x yZ Z  , making the ground plane 
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hk h e . The asymptotic values of D and F 
can be calculated from (4.24) and (4.26) as 
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where superscript   refers to   . After some mathematical manipulation, xE
  is 
obtained from (4.32) as 
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where  1 / 2eff r    and
  is the asymptotic value of (4.27) given by 
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By considering the highest degree terms in the numerator and denominator of (4.42) and 
after more simplifying, xE
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When the slab is grounded by a PEC, xE
 is obtained directly from (4.34), which can be 
















    
    
 
 (4.45) 
 and consequently, 
 | |x CFC x PECF F
    (4.46) 
where xF
  is the asymptotic, or also called as the static part of xF . We get an advantage 
from the asymptotic equality in (4.46) to overcome the convergence problem of (4.38) as 
follows. The static part of the integrand in (4.38) is subtracted and added as   
 
0 0 0
| |x x x CFC x CFCF d F F d F d  
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    
        (4.47) 
so that in the right hand side of (4.47), the first term is a more rapidly converging 
integral, easily evaluated numerically. Substituting (4.46) in (4.47), the second term can 
be replaced by
0
|x x PECI F d

    . Pozar showed that xI
  has a closed-form expression 
as [102] 
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 (4.48) 
where 2 21R x y  , and
2 2 2
2 4R x y h   . In fact, (4.48) is the Green’s function of 
an HED located at (0, 0, h) in the homogeneous medium with permittivity of eff  , and 
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grounded by PEC at z = 0. By replacing (4.48) in (4.47), the electric field can be 
calculated from (4.38).  
In order to calculate yE , by replacing (4.33) in (4.36), the above procedure can be 
applied so that yI
 can be obtained from  
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 (4.49) 
4.3 Numerical Results 
In this section, we evaluate the electric field Ex at the air-dielectric interface for the 
ground plane with different conductivity characteristics, and at different frequencies. The 
strength of HED moment is one (Idx = 1). By using the slab parameters given in previous 
section, the magnitude of Ex is calculated along the x-axis at y = 0 as shown in Figure 4.4. 
The results are obtained at two operating frequencies, f = 5 and 10 GHz. The results are 
compared with computations using CST MWS. Good agreement is seen. In the CST 
model, the 8λ × 8λ slab and ground plane are terminated by PML layers to approximate 
the assumption of a slab of infinite extent. We used about 1,800,000 mesh cells in CST 
simulations to get accurate results.   
Figure 4.5 shows the effect of the conductivity tensor of the ground plane on Ex at z = 
h.  Some fluctuation is observed for low values of x and y , but by increasing the 
conductivity in both directions, the electric field behavior moves toward that of the slab 
grounded by a PEC. When xZ and yZ  gets small, x yZ Z  gets small, hence, the 
anisotropic characteristic of the ground plane vanishes, making the behavior of the 
structure like isotropic case. 
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Figure 4.4. The magnitude of Ex along x-axis, (a) isotropic ground at f = 5 GHz, (b) 
isotropic ground at f  = 10 GHz, (c) anisotropic ground with (ζx, ζy) = (1000, 100) S/m at f 






Figure 4.5. The effect of ground anisotropy on Ex at f = 5 GHz. 
 
4.4 Summary 
In this chapter, the Green’s function was calculated for an infinitesimal HED on a 
dielectric slab over a CFC ground plane. The Green’s function was evaluated for a RCCF 
CFC which is highly anisotropic, and a CNT CFC which has isotropic conductivity. 
Because these materials have high conductivity, they were modeled using a surface 
impedance. Using the spectral domain method, the expressions for the electric field 
components were derived. The numerical integration required to evaluate the Green’s 
function was addressed in detail. It was shown that the electromagnetic fields at the air-
dielectric interface depend on both the conductivity and anisotropic characteristics of the 
composite ground plane. The presented Green’s function is versatile and can be used in 





Chapter 5 : Reinforced Continuous 
Carbon Fiber Composites for Antenna 
Applications 
 
Metals such as copper or aluminum are commonly used for the radiating element of 
antennas. However, the cost, fabrication procedure, and weight are some of the important 
parameters which limit the usefulness of metal antennas. In harsh environments, 
corrosion resistance and the adhesion between the radiating element and the substrate are 
major issues. Some recent studies have used various alternative materials as replacements 
for metals in the antenna structure [26]-[31]. In [26], a conducting-polymer patch antenna 
is proposed. Silver nanoparticle ink [28][29] and the metallo-organic conductive ink [30] 
are used to prepare the high-conductive material as a replacement of metal for RFID tag 
antennas. In [31], metalized foam is used to make a microstrip-patch antenna.   
Copper is conductive but its conductivity is fixed. To change the frequency response 
of a copper antenna, a change in the geometry or dimensions is made. Composite 
antennas have an additional degree of freedom: the conductivity tensor of the composite. 
To change the frequency response of a composite antenna, it may be sufficient to change 
the value or tensor of the composite conductivity from which the antenna is made, 
without changing the geometry or dimensions.  
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In this chapter, we explore the use of RCCF composites in the antenna structures as an 
efficient alternative for copper. We also produced RCCF/MWCNT composite with 
improved conductivity which comprises RCCF material mixed with some MWCNTs. 
Many applications are considered for study: RFID, UWB, wireless, and mm-wave 
communication systems. The antennas are modeled with CST MWS and the simulation 
results are verified by experimental results.  
High oxidation stability recommends RCCF composites for applications where metals 
cannot be used because of corrosion. Also, RCCF has a higher conductivity than many 
other kinds of composites. It is an effective replacement for metal when high shielding is 
required. As discussed in Chapter 2, the RCCF conductivity is anisotropic, being high 
along the direction of fibers, but low in the perpendicular direction. The anisotropic 
conductivity may cause a different surface current distribution than that in the isotropic 
case, which can affect the antenna performance.   
5.1 RFID Tag Antenna Applications 
RFID technology is extensively used in tracking and identifying objects in many 
applications [29],[30],[103]-[109]. The mostly used RFID frequency bands are UHF-
RFID (902–928 MHz in North America, 866–869 MHz in Europe and 950–956 MHz in 
Japan) and the unlicensed wireless bands (2.4-2.484 GHz and 5.15-5.875 GHz). The 
main part of an RFID system is the antenna tag, which should be inexpensive, light and 
easy to fabricate.   
In what follows, a well-known type of RFID antennas, namely the T-match bow-tie 
antenna [29], is considered for study. The return loss, radiation efficiency, gain, and 
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bandwidth of the antenna are obtained with the radiating element made of composite and 
compared with a metal element [110].   
The T-match folded bow-tie RFID antenna is shown in Figure 5.1(a). The antenna is 
excited by a lumped port between arms of the T. The impedance of the lumped port is 
chosen as 380 Ω to match the input resistance of the RFID microchip (TI RI-UHF-Strap-
08 IC) [111] at the port. The radiation element is placed on a 130 mm × 80 mm substrate 
with dielectric constant εr = 3.4, tanδ = 0.08. The return loss of the antenna with a copper 
radiation element is shown in Figure 5.1(b). The gain and radiation efficiency of the 
copper antenna are 2.4 dB and 97%, respectively.   
For antenna EM simulations, we characterize one specific RCCF composite sample 
with a conductivity of 3500 S/m along fiber direction and 10 S/m perpendicular to the 
fibers. CST MWS enables us to model anisotropic materials using the permittivity tensor. 
Since the direction of fibers, leading to anisotropic conductivity, plays an important role 
on the performance of antenna, two antennas were modeled: one having the fibers 
oriented in the x direction in Figure 5.1(a), and the other with the fibers in the y direction. 
The antenna with the fibers oriented in the direction of current flow on the metal antenna, 
that is, the x direction, has similar behavior to the metal antenna. The return loss of the 
RCCF antenna with x-directed fibers is shown in Figure 5.2(a) for different thicknesses of 
composite. Compared to the metal antenna, the resonant frequency is been shifted 
upwards to about 2450 MHz in the RFID upper band. The reason of this shift can be 
explained by comparing the current flow on the composite radiating element in Figure 
5.2(b) with that on the metal antenna.  The current flow on the metal antenna resembles  
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Figure 5.1. (a) T-match folded bow-tie RFID antenna, (b) Return loss of the antenna with 
radiation element made of copper.  
 
 
Figure 5.2. (a) Reflection coefficient of RCCF antenna, (b) Current distribution on the 
radiation element at resonant frequency. 
 
that on a dipole, using the full length of the antenna, corresponding to resonance at lower 
RFID band. However, the current flow on the composite antenna is confined to the 
section of the antenna adjacent to the T-match, and the behavior is more like that of a 
short dipole antenna, with a correspondingly higher resonant frequency.  The current flow 
at the ends of the T-match section is quite small. 



















Due to the much lower conductivity of composites compared to metals, the ohmic loss 
(RLoss) of the composite radiating element is higher. Therefore, the gain and radiation 
efficiency (η) of composite antenna are lower than of a metal antenna. The ohmic loss of 






  (5.1) 
where Aeff is the effective area along a current path of length L . For a composite antenna 
the current flows inside the volume of radiating element, Aeff can be controlled by 
changing the conductivity itself and hence the skin depth, and the thickness t. Hence the 
gain of the composite antenna can be adjusted by changing both t and ζeff.  











  (5.2) 
where Gtag, EIRPt and Pchip are the gain of RFID tag, maximum value of transmitting 
power of reader and the sensitivity power level of RFID IC, respectively. With EIRPt = 
0.5 W, the maximum allowed value, and Pchip = 1 mW [105], dmax of antenna with a 
copper  radiating element is 76.52 cm.  
The radiation efficiency and gain of the antenna made of 0.2 mm-thick RCCF are 
computed as 39.27% and -0.2 dB, respectively. Using (5.2), the maximum read-range of 
RCCF antenna is obtained as dmax = 21.3 cm. The radiation efficiency and -10dB 





Table 5.1: Radiation Efficiency and -10dB BW of the RCCF Composite Antenna 
Thickness (mm) η (%) BW (MHz) 
0.1 35.17 1320 
0.2 39.27 730 
0.3 40.1 581 
 
 
Figure 5.3. Normalized radiation pattern of bow-tie antenna, (a) E-plane, (b) H-plane. 
 
 
Figure 5.4. E-plane axial ratio of bow-tie antenna with different radiating element. 
 
gain/read-range of the composite antenna is relatively low compared to the metal 
antenna, it should be noted that the antenna covers the microwave RFID frequency band 
(a) (b) 
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centered at 2.45 GHz along with a wide bandwidth (BW = 1.32 GHz) due to the 
interesting properties of RCCF composite material. 
The normalized radiation pattern in both the E- and H-plane at frequency of resonance 
is shown in Figure 5.3. It is observed that using an RCCF composite instead of metal 
hardly changes the radiation pattern at all. However, the polarization property of the 
RCCF antenna would be affected due to the anisotropic property of the RCCF material. 
Figure 5.4 shows the axial ratio of bow-tie antenna at E-plane. It is observed that the 
polarization purity of RCCF composite antenna is improved compared to the metal 
antenna.   
5.2 Wideband and UWB Applications 
UWB technology has experienced a significant rise in popularity in the past few years. 
The Federal Communication Commission (FCC) allocated the spectrum from 3.1 to 10.6 
GHz for UWB technology with EIRP less than -41.3 dBm/MHz [112]. So far different 
kinds of UWB antennas have been introduced in the literature [114]-[118]. These 
antennas exhibit good impedance stability over the very large frequency band.   
We explore using RCCF composites for wireless and UWB antenna applications 
[119]. The metal radiating element of a wideband monopole antenna is replaced with 
composite material, and the performance is investigated by measurement and by 
numerical simulation. In order to enhance the conductivity of the RCCF composite, a 
small volume fraction of MWCNTs is added to the RCCF material. MWCNTs are about 




Figure 5.5. Fabrication procedure for RCCF/MWCNT composite material [119]. 
 
The method of preparation of an RCCF sample loaded with MWCNTs is illustrated in 
Figure 5.5. The composite samples were produced by CONCOM and details are given in 
[119]. The epoxy resin, the curing agent (26.4 wt%) and a volume fraction of MWCNTs 
produced by NanoLab are weighed and three-roll-milled. After degassing the mixture in a 
vacuum oven, one ply of unidirectional carbon cloth is impregnated with the mixture and 
placed between two aluminum plates and cured at 120 °C for 6 hours. An MWCNT 
loading of 2% is used for this antenna study.  
In order to characterize the composite sample, we use standard G-band (3.95-5.85 
GHz) and X-band (8.2-12.4 GHz) rectangular waveguides. The thickness of composite is 











Figure 5.6. Measured S21 parameter using standard waveguides. (a) magnitude of S21 
parameter over G-band, (c) magnitude of S21 parameter over X-band. 
 
0.6 mm. The scattering parameters were measured with the fibers parallel to and 
perpendicular to the TE10 electric field vector, to obtain the magnitude of S21 reported in 
Figure 5.6.  The figure shows that by adding 2% wt of MWCNT, the magnitude of S21 
decreases by about 20 dB with the fibers parallel to the electric field, and by about 8 dB 
with the fibers perpendicular. The effective conductivity of the RCCF/MWCNT 
composite over the desired frequency range is found to be 4000 S/m along fiber direction 
and 150 S/m perpendicular to the fibers. As expected, the conductivity of RCCF is not 
significantly frequency dependent [25].   
Figure 5.7 shows the EM model of monopole antenna developed in CST MWS. The 
antenna is fed through a 50-ohm SMA connector at the bottom of radiating element. The 
antenna geometrical parameters are G1 = G2 = 200 mm, L1 = 65 mm, L2 = 66 mm, g = 1.5 
mm and d = 1 mm. The monopole antenna thickness is t = 0.6 mm. In simulations, we 
consider composite material as a homogeneous anisotropic medium as characterized by 
standard waveguides. As a result, the composite antenna performance depends on the 
 fibers parallel to electric field 
 fibers perp. to electric field 
(a) (b) 
 fibers parallel to electric field 
 fibers perp. to electric  field 
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Figure 5.8. Simulated reflection coefficient of the monopole antenna with metal and 
composite radiating element. 
 
direction of fibers inside the radiating element. In order to address this issue, we study 
two different configurations: fibers along the x-axis and the z-axis. The calculated 
reflection coefficient of the monopole composite antenna is shown in Figure 5.8 for 
different fiber orientations. When the direction of carbon fibers is along x-axis, parallel to 













metal antenna. However, when the fibers are parallel to z-axis, the reflection coefficient 
of the composite antenna is quite different for ζx =10 S/m and 150 S/m. With the low 
value, the reflection coefficient is almost constant with frequency. With the high value, 
the reflection coefficient is somewhat similar to the metal antenna. This phenomenon can 
be understood by plotting the current distribution on the radiating element, as shown in 
Figure 5.9.  With the fibers horizontal or parallel to the ground plane, part (b) of the 
figure shows that the current on the horizontal edges is similar to that on the metal 
antenna in part (a). Note that there is more current on the vertical edges of the metal 
antenna, particularly at 900 MHz. But with the fiber vertical and low conductivity in the 
horizontal direction, part (c) shows that the current distribution is reminiscent of a 
monopole antenna and quite unlike that of the metal antenna. When the horizontal 
conductivity is increased to 150 S/m, the current distribution in part (d) resembles that of 
the metal antenna of part (a), including the currents on the vertical edges. Note that the 
frequencies in Fig. 6 of 2, 6 and 9 GHz were chosen near the minima in the reflection 
coefficient curves of Figure 5.8.  However, for the top row the frequencies of 900 MHz, 
800 MHz, 750 MHz and 560 MHz were chosen to be the lowest frequency where the 
reflection coefficient in Figure 5.8 is -10 dB. Orienting the fibers in the horizontal 
direction (x-directed) supports current flow along the bottom edge of the patch, making 
the current in Figure 5.9(a) and (b) similar, especially at 2, 6 and 9 GHz.  Current in the 
vertical direction is suppressed.  When the fibers are vertical with a low conductivity of 
10 S/m in the horizontal direction, Figure 5.9(c), the current is forced to flow in the 
center of the radiating element, and is effectively suppressed in the horizontal edges. As a 
result, the resonant modes are then quite different than those of the metal antenna. 
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Figure 5.9. The current distribution on monopole antenna at different frequencies, (a) 
Metal antenna, (b) Composite antenna with x-directed fibers, (c) Composite antenna with 
z-directed fibers (ζx=10 S/m), and (d) Composite antenna with z-directed fibers (ζx=150 
S/m). 
 
The current of Figure 5.9(c) is like a monopole at its fundamental resonance, at 560 MHz.  
The second and third resonances might be expected at 1680 and 2800 MHz, but the 
reflection coefficient of Figure 5.8 shows no resonant behavior at these frequencies. 
Figure 5.9(d) shows that increasing the horizontal conductivity to 150 S/m restores the 
behavior to be similar to that of the metal antenna. 
Figure 5.10 shows a computational study, using the CST MWS model, of the effect of 
the sample thickness and the conductivity on the composite antenna performance.  No 
data is provided in the frequency range from 2 to 5 GHz, where the reflection coefficient, 

























































Figure 5.10. The efficiency and peak gain of composite antenna versus: (a) Thickness for 
a horizontal conductivity of 4000 S/m and a vertical conductivity of 10 S/m; and (b) 
Conductivity in the horizontal direction for a thickness of 0.6 mm and a vertical 
conductivity of 150 S/m. 
 
the conductivity in the x- or horizontal direction is 4000 S/m and in the z- or vertical 
direction is 10 S/m. Figure 5.10(a) shows that the radiation efficiency can be improved 20 
to 30% by increasing t. but increasing the thickness beyond the skin depth does not much 
increase the efficiency. Figure 5.10(a) also shows that the gain of the composite antenna 
is about 4 dB lower than metal antenna for the thickest composite.  Figure 5.10(b), for a 





S11>-10 dB S11>-10 dB 
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Figure 5.11. (a) Reflection coefficient of monopole RCCF/MWCNT composite antenna, 
(b) Measured input impedance. 
 
conductivity can be increased, then the gain and efficiency also increase.  By adding 
MWCNTs to the RCCF composite, we can increase the conductivity of composite along 
both fiber directions, leading to enhance the gain and radiation efficiency.  
In order to investigate the composite antenna performance experimentally and to 
verify the simulation results, the composite monopole antenna of Figure 5.7 is fabricated 
using the produced RCCF/MWCNT composite material. The composite antenna is 
installed such that the direction of fibers is parallel to x- or horizontal axis. The antenna 
geometrical parameters are G1 = G2 = 200 mm, L1 = 65 mm, L2 = 66 mm, t = 0.6 mm, g = 
1.5 mm and d = 1 mm. A thin aluminum sheet is used as a ground plane and the 
composite antenna is fed through 50-ohm SMA connector. 
Using the HP8720 network analyzer, the reflection coefficient of fabricated 
RCCF/MWCNT monopole antenna is measured as displayed in Figure 5.11(a). Good 
agreement is observed between simulated and measured results. The reflection coefficient 






Figure 5.12. Normalized radiation pattern of composite antenna at (a) H-plane (xy), and 
(b) E-plane (yz). 
 
5.15 to 5.825 GHz. The input impedance of the composite antenna is displayed in Figure 
5.11(b). 
The normalized radiation patterns in the E- and H-planes were measured using a 
standard ridge horn antenna (EMCO-3115) as a receiver.  Figure 5.12 shows the radiation 
patterns at 5.5, 7 and 8.5 GHz. Due to the symmetry, only one-quarter of the H- plane and 
half of E-plane is considered. The polarization of the composite antenna at boresight 
angle (θ = φ = 90◦) is also evaluated. The ratio of antenna gain for θ-polarization to φ-
polarization, namely Gθ/Gφ, is displayed in Figure 5.13 (a). It can be seen that Gθ is 5 dB 
greater than Gφ in the measurement over almost the entire frequency range. We also 
investigated the polarization for φ = 0º, 30º, 45º, and 60º, not shown here, and we found 
that the antenna shows almost   Gθ /Gφ > 5 dB at these angles.  
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Figure 5.13. (a) Gθ /Gφ at boresight angle (θ=φ=90
◦
), and (b) Boresight and peak gain of 
the monopole composite antenna. 
 
According to Figure 5.10(b), the largest gain over wireless frequency band of the   
composite antenna in the CST MWS simulation varies between 4.7 dB and 5.2 dB. In 
order to validate the simulation results, the boresight gain of the composite antenna is 
measured. The IEEE standard antenna gain can be obtained by means of the antenna 
transfer function. Two identical composite antennas are considered in a Tx/Rx setup in 
front of each other, so that the S21 ( f ) of two antennas can be written as  
        21 Tx CH RXS f H f H f H f  (5.3) 
where HTX (f) and HRX (f) are the Tx and Rx antenna transfer functions, respectively. 
Furthermore, HCH ( f ) is the channel transfer function in free space defined as λ/4πR, 
where R is the separation distance between the antennas. The antenna gain can be 
calculated from 
             
1
2 2 2
11 221 | | . 1 | |TX RXG f H f H f S f S f





Figure 5.14. Composite antenna Tx/Rx setup transfer function, (a) Magnitude, (b) Group 
delay. 
 
where S11 (f) and S22 (f) are the input reflection coefficient of the Tx and Rx antennas, 
respectively. By using (5.3), (5.4) can be written as 
              
1
1 2 2 2
21 11 221 | | . 1 | |CHG f S f H f S f S f

    (5.5) 
which gives the measured boresight gain of the antenna. Figure 5.13(b) shows the 
measured boresight gain, using two identical composite antennas separated by R = 25 cm.  
Since the composite antenna has a wide impedance bandwidth of 4.9 to 10 GHz, it could 
be used in ultra-wideband (UWB) communication systems in the 3.1 to 10.6 GHz band. 
The dispersive behavior of an ultra-wideband antenna should be considered [114]-[117], 
in both the frequency domain and the time domain. The frequency domain antenna 
dispersion characteristics can be defined by the magnitude of Tx/Rx transfer function |S21| 
and the group delay –dφ/df, where φ is the angle of S21. The Tx/Rx transfer function of 
the composite antennas in the front of each other (θ = 90◦, φ = 90◦) is displayed in Figure 
5.14. A fairly constant group delay shows that the antenna has low dispersion. When the 






Figure 5.15. The single-band scheme, (a) Pulse signal, (b) Normalized spectrum. 
 
pulse is considerably distorted due to the nonlinearity of phase. Specifically for UWB 
pulse signals, the group delay variations may lead to high level of error in wireless/UWB 
communication systems. It is very desirable to have an almost constant group delay over 
the frequency range of interest. In time domain characterization, the antenna can be 
verified for single-band and multiband cases [120]. In a single-band scheme which is 
usually considered in antenna analysis, the entire frequency band is allocated to one 
pulse. Time domain analysis is performed to calculate the fidelity factor between 
transmitted and received UWB pulses in Tx/Rx setups [115]-[117], [121].  
A UWB pulse source is designed using the derivatives of a Gaussian pulse [122], to 
cover the desired frequency range. To cover 4.9 to 10 GHz, the eighth derivative of the 
Gaussian pulse function was used, so the pulse source is given by 
  
2 4 6 8 2
max 2
105 420 260 38 .exp
2
t t t t t
s t A
    
          
              
           
 (5.6) 
where Amax is the peak power spectral density that FCC allows for UWB applications. 








Figure 5.16. Virtual probes signals: (a) H-plane, (b) E-plane. 
 
3.2 mV/m and δ = 60 ps, the pulse signal and its normalized Fourier transform are shown 
in Figure 5.15.    
For wireless systems using UWB antennas, it is critical to evaluate the dispersive 
behavior for different angles between Tx and Rx antennas. This is due to the fact that the 
antenna could have low dispersion in some limited angular ranges, but have high 
dispersion for other angles. Using MWS, we simulated a transceiver setup consisting of 
the composite antenna as the transmitter and nine virtual probes (co-pol) as receivers. The 
virtual probes are located in both the xy-  or H- plane at  φ = 0°, 30°, 45°, 60° and 90° and 
in the yz- or E-plane at  θ = 30°, 45°, 60°. Note that the probe located at θ = 90º is identical 
for the H- and E-planes and also the transmission/reception at θ = 0º of E-Plane would be 
very poor because it is a null in the radiation pattern. The received probe signals are 
illustrated in Figure 5.16. The fidelity factor between virtual probe signals and the 
transmitted pulse is derived from the response in Figure 5.16, and is reported in Table 
5.2. It is observed that the fidelity factor for the composite antenna is 0.83 or greater 




Table 5.2: Fidelity Factor between Transmitted Pulse and Virtual Probes Signal 
H-plane (xy) E-plane (yz) 
φ = 0◦ φ = 30◦ φ = 45◦ φ = 60◦ φ = 90◦ θ = 30◦ θ = 45◦ θ = 60◦ 
0.93 0.946 0.91 0.83 0.899 0.882 0.914 0.938 
 
Table 5.3: Fidelity Factor of TX/RX Setups 
Tx/Rx Setups Face to Face Side to Side 
Simulation 0.911 0.917 
Measurement 0.89 0.93 
 
To verify the calculations for Table 5.2, the fidelity factor was computed using the 
frequency domain transfer function S21 as follows. Consider a transceiver setup composed 
of two identical composite antennas, and transmit the pulse of (5.6) with spectrum St ( f ) 
shown in Figure 5.15(b). The received signal in the time domain is given by the inverse 
Fourier transform as  
  1 21( ) ( ). ( ) .r ts t S f S f
   (5.7) 
This relation was used to find the pulse response for both face-to-face (θ = φ = 90◦) 
antennas and side-to-side (θ = 90◦, φ = 0◦) antennas, and the fidelity factor was calculated 
as in Table 5.3.  The calculation was done using the transfer function calculated with 
CST MWS, and using the measured transfer function, and Table 5.3 shows reasonable 





5.3 Performance of Microstrip Patch Antenna on an RCCF 
Composite Ground Plane 
There are many antennas mounted on or integrated to the surface of the mobile 
vehicles for different communication systems, radar, navigation, surveillance and so on.  
Showing low level of drag and being suitable for conformal applications, planar 
microstrip antennas are a very good candidate to be installed on such vehicles [123]. In 
many cases, the body of vehicle is used as the ground plane for the antennas. Therefore, 
investigating the performance of such antennas operating on a composite ground plane is 
of interest.  
We investigated the performance of a metal patch antenna operating on a ground plane 
made of RCCF composite material, both numerically and experimentally [124]. The 
effect of fibers direction on the impedance bandwidth of the antenna was studied. Due to 
the lower conductivity of composite material compared to the metals, the antenna with 
composite ground plane is more lossy, leading to lower radiation efficiency. The gain and 
radiation pattern of the antenna with composite ground plane was evaluated and also 
compared to that of antenna with copper ground plane.  
A sheet of RCCF composite material was provided by CONCOM using the 
preparation method explained in [124]. Standard G-band (3.95-5.85 GHz) waveguides 
with cross-section dimension of 47.548 × 22.148 mm
2
 were used for characterization. 
The effective conductivity of the RCCF composite over the desired frequency range is 
1500 S/m along fiber direction and 15 S/m perpendicular to the fibers.  
Figure 5.17(a)-(b) show the EM model of a microstrip patch antenna developed in 
CST MWS, operating in a frequency band centered at 5.6 GHz. The antenna is fed 
 85 
through a 50-ohm SMA connector from the bottom of the ground plane. The square patch 
(W = 16.5 mm) is printed on RT/Duroid 5880 substrate (εr = 2.2, tanδ = 0.0009) with 
thickness of 1.5 mm. The size of substrate is L1×L2 = 25×28 mm
2
. Other geometrical 
parameters are d = 12.5, and g = 7.25 mm. The ground plane of the antenna is a 0.8 mm-
thick RCCF composite material where the direction of carbon fibers is equally oriented 
by α degree with respect to x-axis. The size of the RCCF ground plane is D1 × D2 = 60 × 
60 mm
2
.    
The reflection coefficient of the antenna with copper and RCCF ground plane is 
shown in Figure 5.17(c). It is observed that the resonant behavior of the antenna is taken 
away by rotating fibers toward so that they are parallel to the y-axis (α = 90◦) the antenna 
is no longer resonant.  The reason can be explained by the current distribution on the 
ground plane. In Figure 5.18, the surface current distribution of the copper ground plane 
is compared with that of RCCF for α = 0◦ and α = 90◦. It is observed that the x-directed 
fibers support a current distribution quite similar to that on the copper ground, leading to 
similar resonant behavior and impedance matching. However, for y-directed RCCF 
ground plane (α = 90◦), the current is forced to flow in y-direction, leading to a current 
distribution completely different from that in copper ground, and to poor impedance 
matching. Therefore, when the fibers are oriented in the direction of current flow in the 
copper ground plane, the RCCF ground plane can support the same current distribution as 




Figure 5.17. Microstrip patch antenna grounded by RCCF, (a) antenna geometry, (b) 
cross-view, (c) S11 of the patch antenna. 
 
 





























Figure 5.19. Reflection coefficient of the fabricated patch antennas. 
 
 
Figure 5.20. Normalized radiation pattern of the patch antenna. 
 
The patch antennas with copper and RCCF (α = 0◦) ground plane were fabricated for 
measurement. An HP8720 network analyzer was used to measure the reflection 
coefficient as shown in Figure 5.19. Good agreement is observed between measured and 
simulated results. It is observed that the -10 dB bandwidth of the composite antenna is 
higher than that of the copper antenna. 
H-plane (yz) E-plane (xz) 
Copper RCCF 
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Table 5.4: Peak gain of the patch antenna 
Type of Ground Plane Simulation Measurement 
RCCF (α = 0◦) 5.1 dB 5.8 dB 
Copper 8.23 dB 8.58 dB 
 
The normalized radiation pattern in both H- and E-planes at the frequency of 
resonance, 5.6 GHz, is shown in Figure 5.20. It is observed that using RCCF composite 
ground plane instead of the copper ground changes the radiation pattern very little.  
However, the ohimc loss of RCCF composite reduces the gain and radiation efficiency. 
The peak gain of the antenna with RCCF ground plane is measured at resonant frequency 
and reported in Table 5.4. It is observed that the gain drops by about 3dB when RCCF 
ground plane is used. 
5.4 Summary 
In this chapter, the use of RCCF composites was investigated for building antennas for 
different antenna applications, namely RFID, UWB, and WLAN antennas. Metal in the 
antenna structure was replaced with CFC. The gain of the antenna degrades due to the 
low conductivity of composites compared to metals. The composite antenna performance 
was evaluated both numerically and experimentally, and good agreement was found 
between the simulations and the measurements. 
The RCCF composite was used in T-match folded bow-tie RFID antenna. The 
performance of the patch antenna operating over RCCF ground plane was also 
investigated. It was observed that when the fibers are oriented in the direction of current 
flow in the copper ground plane, the RCCF ground plane can support the same current 
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distribution as the copper ground plane. Generally, the anisotropic conductivity of RCCF 
composite allows the antenna designer to largely restrict current flow to one direction, 
and this may lead to novel antenna designs. The RCCF composite material was also used 














Chapter 6 : Carbon Nanotube Composite 
Materials for Antennas Applications 
 
Due to the favorable mechanical and electrical properties, CNTs have been of interest 
in nanoelectronics and nanoantenna applications [125]-[134]. Showing high thermal 
conductivity of about ten times that of copper, CNTs are attractive for high heat-transfer 
applications in microelectronic circuits [127]. However, CNT dipoles show extremely 
low efficiency in the order of 10
-8
 for microwave applications [127][128], due to their 
high resistance per unit length, of about 10 kΩ/μm [127]. Therefore, CNT arrays and 
composites are proposed to improve the efficiency [135]-[140].   
Among CNT composites, SWCNT buckypaper is one of the most highly conductive 
materials. The high conductivity recommends buckypaper as an attractive replacement 
for metals in various antenna and microwave applications. In the following, a new 
fabrication method is proposed to print an arbitrarily-shaped full-composite SWCNT 
antenna on any type of substrate for various antenna applications such as RFID, 
multiband wireless, X-band, and mm-wave antennas. The antenna performance is fully 







Figure 6.1. SEM micrographs of the (a) buckypaper and (b) fractured surface of the 
buckypaper composite [138] . 
 
6.1 SWCNT Buckypaper Material and Method of Composite 
Antenna Preparation 
The thin film made of SWCNTs, called buckypaper, is shown in Figure 6.1. For 
antenna fabrication, we printed buckypaper on a substrate and then cut out the desired 
antenna geometry using a high-precision milling machine. The buckypaper is a flexible 
and soft material that needs to be hardened by resin infiltration in order to be processed 
on the milling machine. The DC conductivity of the as-prepared buckypapers measured 
by the van der Pauw method is typically around 70 kS/m. During the infiltration the 
buckypaper expands, which causes a slight drop in DC conductivity to a typical value of 
40 kS/m.  
Manufacturing the buckypaper antennas comprises the following three steps as shown 
in Figure 6.2: buckypaper preparation, plating the substrate with buckypaper impregnated 
with epoxy resin, and cutting out the antenna. The geometry of antennas is cut out on the 




Figure 6.2. (a) Buckypaper preparation, (b) Substrate plating with buckypapers; 1-
impregnated buckypaper-patch; 2-substrate; 3-vacuum bag; 4-breather; 5-release film; 6-
sealant [140].  
 
The buckypaper composite is produced and printed on the substrate in the CONCOM 
Laboratory using the method explained in [140]. In the following Sections 6.1.1 and 
6.1.2, the detailed method of buckypaper preparation and substrate plating, as provided 































Figure 6.3. Highly precise milling machine to cut out the antenna pattern. 
 
6.1.1 Buckypaper Preparation 
The buckypaper preparation is schematically shown in Figure 6.2(a). SWCNTs from 
Nikkiso Co. (0.5 g) are dispersed in N, N dimethylformamide (DMF) by a horn sonicator 
(Misonix 3000) at 42W of power for 30 min.  Next the SWCNT suspension is filtered on 
nylon membrane-filter with pore size of 45 micron. After filtration the buckypaper and 
the membrane are placed between several filter-papers (Whatman no. 1) and lightly 
pressed between two aluminum plates to absorb the excess solvent. The wet buckypaper 
is then separated from the filter membrane and dried at 130°C for 12 hours to form a 
sheet of 140 ×140 mm
2
 and 50 m thickness. 
6.1.2 Substrate Plating and Antenna Fabrication 
Patches of arbitrary size are cut out from a buckypaper sheet. As shown in Figure 
6.2(b), the patches are impregnated with a mixture of epoxy resin (Epon 862) and 




for 30 min.  Next, the impregnated patches were placed on each side of the substrate, 
vacuum-bagged and cured in an autoclave at 140°C for 4 hours under 40 psi of pressure.  
6.2 RFID Tag Antenna Applications 
In Section 5.1, we studied the T-match bowtie RFID tag made of RCCF material. It 
was shown that the antenna performance noticeably depends on the direction of fibers 
which is the reason for an anisotropic conductivity tensor, and also depends on the 
conductivity value of composite. However, since CNT composites show isotropic 
conductivity, the only parameter which matters is the conductivity value. In this section, 
in addition to the T-match bowtie, we also consider the meander line antenna (MLA) as 
the RFID tags [138]. By characterizing several fabricated SWCNT composite samples 
using the coaxial setup, the conductivity in the RFID frequency band is found to be about 
25-30 kS/m.  
6.2.1 T-match Bowtie Antenna 
The geometry of T-match bowtie antenna was introduced in chapter 5. The radiation 
element is then changed to the SWCNT composite material and the return loss of the 
RFID antenna tag for different thicknesses of composite material is shown in Figure 6.4. 
The resonant frequency of the RFID antenna with the composite radiation element is not 
much different from that with the metal element of Figure 5.1(b). According to (5.1), the 
gain of the composite antenna can be adjusted by changing either the thickness or the 
conductivity of the composite material, or both parameters. Table 6.1 and Table 6.2 show 
the effect of the thickness and the conductivity on the composite antenna’s performance,  
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Figure 6.4. Return loss with radiation element made of SWCNT. 
 
 
Table 6.1: Radiation Efficiency of the Nanotube Composite Antenna 
Thickness (μm) σ = 10K (S/m) σ = 15K (S/m) σ = 20 K (S/m) σ = 25 K (S/m) 
 20 37.83 % 46.94 % 54.25 % 59.35 % 
40 55.78 % 62 % 68.57 % 72.34 % 
50 59.4 % 67 % 74.3 % 76 % 
100  72.42 % 79.15 % 82.8 % 85.2 % 
 
 
Table 6.2: Peak Gain of the Nanotube Composite Antenna 
Thickness (μm) σ = 10 K (S/m) σ = 15 K (S/m) σ = 20 K (S/m) σ = 25 K (S/m) 
 20 -1.94 dB -0.61 dB -0.01 dB 0.37 dB 
40 0.005 dB 0.63 dB 0.97 dB 1.19 dB 
50 0.37 dB 0.9 dB 0.92 dB 1.4 dB 
100  1.2 dB 1.57 dB 1.76 dB 1.88 dB 
 
 
computed using the CST MWS model. The values can be compared with the copper 
antenna’s gain of 2.4 dB and efficiency of 97%. Note that using the parameters of the 
characterized sample, t = 40 μm and ζ = 25 kS/m, the radiation efficiency and gain are 
72.34% and 1.19dB, respectively. Moreover, using (5.2), the maximum read-range (dmax)  
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Figure 6.5. The bandwidth of SWCNT antenna versus conductivity. 
 
of the SWCNT composite antenna is found to be 66.54 cm where dmax of metal antenna is 
76.52 cm.  
The tables show that as the conductivity and thickness of the composite increases, 
both the gain and the efficiency increase to approach the values for the metal antenna of 
2.4 dB and 97%. However, as shown in Figure 6.5, the -10dB bandwidth of the antenna is 
reduced by decreasing the antenna loss. In resonant circuits, as the ohmic loss decreases, 
the bandwidth decreases and the Q-factor increases, and the composite antenna shows the 
same behavior. The -10dB bandwidth of the antenna with a metal radiating element is 
822 to 1053 MHz, or 231 MHz, which is lower than a composite antenna. For example, 
the composite antenna with the thicknesses of 20 μm and 40 μm shows a 310 MHz and 
270 MHz bandwidth, respectively. It is seen that more flexibility of design is attained by 
using a composite material instead of metal.  
 97 
 
Figure 6.6. (a) MLA structure, (b) Cross-view. 
 
6.2.2 Meander Line Antenna (MLA) 
Figure 6.6 shows a meander-line antenna (MLA).  Due to its small size and space-
filling geometry, the MLA is one of the most desirable antennas for RFID applications 
[109][141]. In the MLA design, a straight dipole is bent to take less length on the 
substrate, and this also lowers the resonant frequency. In addition, the radiation resistance 
is changed, which should be taken into account for matching-circuit design. The planar 
MLA of Figure 6.6 with dimensions L1 = 9 mm, L2 = 15.25 mm, L3 = 10 mm, L4 = 30.5 
mm, L5 = 10 mm, L6 = 6 mm, and w = 2 mm resonates in the RFID lower frequency band 
around 950 MHz.   
The substrate is 0.5mm-thick epoxy with εr = 3 and loss tangent tanδ = 0.0013. The 
gain, radiation resistance and dmax of MLA with a copper radiating element are given in 
Table 6.3. The -10 dB bandwidth of maximum 24 MHz is achieved.  
Table 6.4 gives the performance of the MLA when the radiating element is a SWCNT 



















Table 6.3: MLA Performance with a Copper Radiating Element (t =40 μm) 
 w (mm) fo (MHz) η (%) Gain (dB) Rr (Ω) dmax (cm) 
1 873 96.71 1.84 12.51 75.57 
2 914 97.94 1.86 14.82 72.35 
3 959 98.22 1.87 15.3 69 
 
Table 6.4: MLA Performance with an SWCNT Radiating Element (w=2mm) 
Thickness (μm) f0 (MHz) η(%) Gain (dB) Rr(Ω) BW (MHz) dmax(cm) 
30 966.5 15.24 -6.21 106 239 27 
40 954.6 18.7 -5.32 81.5 162 30.3 
50 950.4 22 -4.6 67.61 149.3 33 




Figure 6.7. Gain-bandwidth diagram of SWCNT MLA versus (a) w (ζ = 25 kS/m, t = 
50μm), (b) ζ (t = 100μm). 
 
observed that the bandwidth for a 30 μm thickness is much wider than the bandwidth of 
24 MHz of the metal antenna. The bandwidth decreases with increasing thickness of the 
composite as the resistance per unit length of the arms of the antenna decreases.  
However, the gain is low compared to the metal antenna. The input impedance of the 
MLA is quite different from the RFID IC’s impedance of 380 ohms, needing a matching 




Figure 6.8. Monopole configuration of SWCNT composite antennas, (a) T-match bow-
tie, and (b) MLA. 
 
ohms, much closer to the IC’s 380 ohms than the resistance of the metal antenna of 12 to 
15 ohms, hence the matching circuit could be simplified. The input impedance can also 
be adjusted by using composites with different values of conductivity, to get closer to 380 
ohms. Therefore composites provide more flexibility in the design. The center frequency 
of resonance for nanotube antenna can be adjusted by tuning the length of the MLA.    
The ohmic loss of a nanotube MLA can be controlled by the width of the line (w) and 
the conductivity (ζ) of composite, as well as the thickness of line. The effect of w and ζ 
on the gain and bandwidth of MLA is shown in Figure 6.7. The gain could be improved 
considerably by using thicker and wider MLA. However, it can be seen that one may 
compromise between the gain and bandwidth. 
6.2.3 Experimental Results 
We fabricated the monopole configuration of the SWCNT dipole bow-tie and MLA 
antennas as shown in Figure 6.8. The monopole composite antenna mounted on a ground 
plane is fed through a 50-ohm SMA connector from the bottom. The size of ground plane 
for the bow-tie antenna is 120mm × 160mm, and for the MLA antenna is 100 mm × 100 







Figure 6.9. Return loss of SWCNT composite antenna, (a) T-match bow-tie, and (b) 
MLA. 
 
reported in Figure 5.1(a). The MLA parameters are L1 = 8.5 mm, L2 = 15 mm, L3 = 10 
mm, L4 = 30.2 mm, L5 = 10 mm, and L6 = 3 mm, and w = 2 mm. Using the HP8720 
network analyzer, the return loss of composite antennas is measured as shown in Figure 
6.9. Satisfactory agreement is seen between the CST MWS simulation and the 
measurement. The small shift of measured resonance frequency can be explained by 
material and manufacturing tolerance.  
6.3 Multiband Wireless Applications 
There are many types of antennas for different applications, namely radio/TV 
broadcasting, cell phones, global positioning system (GPS), medical and microwave 
imaging, RFID, Bluetooth, WLAN, UWB systems, satellite communication, radar 
systems, millimeter wave applications, wireless personal area network (WPAN) and 
military applications. Depending on the application, the appropriate antenna should be 
designed since in each application the specific characteristics are needed to be satisfied 
(a) (b) 
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by the antenna. One of the key factors in choosing the type and shape of the antenna is 
frequency. The whole frequency band, from DC to up to hundreds of gigahertz, has been 
divided up for many sub-bands allocated to different applications. It would be very 
demanding if one could design the antenna to cover more than one frequency band 
making to the multifunctional behavior of antenna. By doing so, one antenna could be 
used for different applications without changing its geometry. This kind of antenna is 
called as multiband antenna. One can design a wideband antenna to cover many 
frequency bands, but when the interference with other communication systems operating 
at undesirable frequencies is an issue, the multiband antenna is of much more interest 
compared to the wideband one.  
Recently WLANs and the worldwide-interoperability-for-microwave-access 
(WiMAX) technology have been extensively used in commercial, medical and industrial 
applications. The allocated spectrum for these WLAN systems is centered at 2.4, 5.2 and 
5.8 GHz and for WiMAX at 3.5 GHz. There are many reported antenna designs for 
wireless systems, whether single-band or multiband antennas [142]-[145]. One of the best 
known geometries which make one able to have multiband performance is fractal 
structures [146]-[149]. By using fractal geometry, getting an advantage from the self-
similarity characterization of fractal shapes inside the structure, one can cover different 
frequency bands.  
In this section, we explore the use of SWCNT material for multiband wireless 
applications [140]. As shown in Figure 6.10(a)-(b), a modified Sierpinski fractal antenna, 
operating at UHF-RFID/Bluetooth/WLAN, is designed and considered for study. The 
antenna is fed through a 50-ohm microstrip line. Compared to the traditional Sierpinski  
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Figure 6.10. (a) Tri-band Sierpinski gasket antenna with circle generation. (b) side view, 


























gasket, we consider circle generation instead of triangle generation, making the design 
simpler. The antenna dimensions can be adjusted regarding the desired resonant 
frequencies and the substrate dielectric constant. For example, using εr = 3, t = 1.5 mm, L1 
= 64.7 mm, L2 = 72 mm, d = 38.87 mm, d1= 28 mm, d2 = 15 mm, h1 = 40 mm, h2 = 63.52 
mm, h3 = 76.74 mm, g = 3.3 mm, H = 20 mm, and w = 3.5 mm, the simulated reflection 
coefficient of the antenna is shown in Figure 6.10(c). The antenna provides reasonable 
impedance matching at 900 MHz for UHF-RFID, at 2.4 GHz for Bluetooth, and at 5.8 
GHz for WLAN.  A fourth pass band can be added using the small circular slots shown at 
right in part c of the figure, of diameter of 6 mm. A slight difference is observed between 
reflection coefficient of CNT and copper antennas. 
For the sake of brevity, we only consider the tri-band case for an experimental study. 
The composite antenna is fabricated on a 96mm × 72mm epoxy glass (G10/FR4) 
substrate (εr = 4.9, tanδ = 0.025) as shown in Figure 6.11(a). It should be noted that the 
SWCNT composite is printed on both sides of the substrate to make a full-composite 
antenna. The geometrical parameters are t = 1.5, L1 = 61.4, L2 = 64, d = 35.2, d1 = 28, d2 = 
12, h1 = 38, h2 = 60, h3 = 73.2, g = 2.6, H = 20, and w = 2.6 mm. Using the HP8720, the 
reflection coefficient of the composite antenna is measured as displayed in Figure 
6.11(b). In addition to the resonances over the desired frequency bands, matching is also 
observed around 4.2 GHz which is due to a higher order mode of the main gasket, the 
third mode.  
The simulated peak gain of the composite antenna is compared with the copper one in 
Table 6.5. As expected, the gain using composite is lower than that using copper. 
The normalized radiation pattern of the CNT antennas in both E-(xz-) and H-(yz-)  
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Figure 6.11. (a) Prototype of the fabricated antenna, (b) S11 of the antenna. 
 
Table 6.5: Simulated Peak Gain of the Tri-Band Fractal Antenna 
 
f (GHz) Copper antenna gain Composite antenna gain 
0.91 1.42 dB 0.96 dB 
2.44 4.69 dB 4.1 dB 
5.7 5.7 dB 4.44 dB 
 
 
planes were measured in an anechoic chamber as shown in Figure 6.12. For the sake of 
brevity, only the normalized radiation patterns at 2.4 and 5.8 GHz are reported. There is 
good agreement between simulation and measurements. The CNT antenna shows a low 
cross-polarized field. Not reported here, the radiation pattern over UHF-RFID band is 
quite omnidirectional in the H-plane and donut shaped in the E-plane.  
The actual measured peak gain of the CNT antenna at 2.4 and 5.8 GHz is compared 
with that of the copper antenna in Figure 6.13. As expected, due to the lower 
conductivity, the gain of the composite antenna is lower than the copper one. The 





Figure 6.12. Normalized radiation pattern of CNT antenna, (a) antenna in anechoic 
chamber, (b) H-plane at 2.4 GHz. (c) H-plane at 5.8 GHz, (d) E-plane at 2.4 GHz, (e) E-














Figure 6.13. Realized peak gain of the fractal antenna at (a) 2.4 GHz, (b) 5.8 GHz. 
 
It should be noted that the loss associated with the length of the microstrip line (H) can 
affect the antenna efficiency and gain. We found that the CNT microstrip line shows 
about 0.17 dB/cm and 0.22 dB/cm loss at 2.4 and 5.8 GHz frequency ranges, 
respectively. Therefore, the gain of the CNT antenna can be easily controlled by 
adjusting the microstrip line length, H.   
6.4 X-band Antenna Applications 
X-band is a part of microwave frequency spectrum which has been used for many 
applications such as satellite communication, radar, airborne imaging, and military 
systems [150][153]. X-band phased array antennas are commonly used in aircraft for 
radar, surveillance, and reconnaissance applications. In this section, a full composite X-
band antenna is fabricated and its performance is well compared with a copper antenna 
[154]. The square ring slot antenna [155] is chosen for study as shown in Figure 6.14. 
The antenna is excited by a coaxial cable from underneath. The inner conductor of SMA 




Figure 6.14. Square ring slot antenna, (a) Top view, (b) back view, and (c) side view. 
 
Table 6.6: Gain and radiation efficiency (η) of the square ring slot antenna at resonance 
frequency 
Type of Antenna Gain [dB] η [%] 
Full-SWCNT 5.97 68.27 
Copper 7.68 98.63 
 
through a hole in the substrate as displayed in Figure 6.14(c). The substrate is 1.5mm-
thick G10/FR4. The geometrical parameters are as follows: W = 8 mm, D = 14.5 mm, R = 
1.9 mm. The substrate size is 40×40 mm
2
. The antenna is composed of SWCNT 
composite as a replacement of copper.    
The antenna is design to operate over X-band frequencies, resonating at 11 GHz. The 
gains and radiation efficiencies of the antennas at 11 GHz are reported in Table 6.6. It is 
observed that due to the lower conductivity, the composite antennas have lower gain  
Substrate 
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Figure 6.15. (a) The prototype of the full composite square ring slot antenna, (b) S11 of 












compared to the copper one.  
The composite antenna is fabricated as shown in Figure 6.15(a). Using the HP8720, 
the reflection coefficient is measured as reported in Figure 6.15(b). The normalized 
radiation pattern is measured in anechoic chamber at both E- and H-planes. Good 
agreement is observed between measurement and simulation results.  
6.5 Millimeter Wave (mm-wave) Antenna Applications 
Due to the high data transmission rate, millimeter-wave (mm-wave) communication 
systems are increasingly used in many commercial and military applications, such as 
imaging systems, automotive radars, medicine, high resolution radars and mobile 
communication systems [156]-[159]. In mobile and military applications where the 
antenna may be used in harsh environments, replacing metal with a more suitable 
material increases the system reliability.   
In this section, we explore the use of SWCNT material for wideband mm-wave 
antennas [160]. A low-profile wideband microstrip-fed monopole antenna operating over 
24 to 34 GHz is designed and investigated by measurement and by numerical simulation. 
Then, a two-element array with a matched T-junction feed network is realized and the 
performance of the CNT antenna is compared with a copper one. Since in reality it is 
likely that the antenna will be close to other devices or be integrated with different 
components in the circuit, the housing effect on the copper and CNT antennas 
performance is investigated. 
 To develop a model of the composite material for use in computer simulations of mm-
wave antennas, we use a standard Ka-band rectangular waveguide with cross-section  
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Figure 6.17. (a) The geometry of mm-wave monopole antenna, (b) simulated S11 versus 
conductivity. 
 
Table 6.7: Radiation efficiency of the monopole antenna at Ref. Plane 2 
Conductivity (S/m) 24 28 32 34 
5 ×10
3
 80.41 82.45 73.11 68.98 
1×10
4 
84.42 85.9 81.13 76.42 
2×10
4
 87.76 89.19 84.49 80.54 
3×10
4
 89.33 90.81 86.69 83.11 
4×10
4
 90.35 91.88 88.4 84.77 
5×10
4
 91.1 92.63 89.53 85.98 
Copper ( 5.8×10
7 
) 97.74 99.2 98.8 97.11 
 PEC (ζ → ∞) 98.01 99.51 99.02 97.47 
 
dimension of 7.11 × 3.55 mm
2 
for characterization. The thickness of the composite is 0.2 
mm. The sample used to build the antennas has effective relative permittivity εr = 5.5 and 
conductivity ζ =10 kS/m, over the desired frequency range.  
6.5.1 Single Element Antenna and Measurements  
Figure 6.17(a) shows the EM model of monopole antenna developed in CST MWS. 















are L1 = L2 = 14 mm, W1 = 3.5 mm, W2 = 3.75 mm, g = 0.5 mm, hg = 7.5 mm, and w = 1.1 
mm. The substrate is Rogers 4350 with a thickness of 0.508 mm, εr = 3.48, and tanδ = 
0.0037.  
The impedance bandwidth of a monopole antenna for copper and composites with 
various conductivities is shown in Figure 6.17(b). In the composite antenna both the 
radiating element and ground plane are made of CNT. It is observed that the bandwidth 
of the composite antenna is higher than that of the copper antenna operating over the 24 
to 34 GHz frequency range. In fact, as the ohmic loss decreases, the bandwidth decreases 
and the Q-factor increases, and the composite antenna shows this behavior.  
Due to the lower conductivity, the gain and radiation efficiency (η) of composite 








where Prad and Ploss are the radiated power and the ohmic losses. The overall ohmic loss 
is the sum of the power loss in the microstrip feed line plus the power loss in the antenna 
itself. The antenna efficiency in (6.1) excludes the loss of the feed line, and is calculated 
at the input of the antenna, reference plane 2. Table 6.7 shows the effect of the 
conductivity on the composite antenna’s radiation efficiency at four different frequencies, 
24, 28, 32 and 34 GHz. Note that using the parameters of the sample described in Section 
II, ζ = 10 kS/m, the values can be compared with the copper antenna’s peak gain and 
radiation efficiency.   
Figure 6.18 shows the radiation efficiency of the copper and CNT antennas, at both 
reference planes 1 and 2, over the whole frequency range of interest. The curves labeled  
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Figure 6.18. The radiation efficiency of the copper and CNT (ζ = 10 kS/m) monopole 
antennas. 
 
Ref. 2 give the radiation efficiency of the antenna alone.  The curves labeled Ref. 1 give 
the efficiency of the system made up of the lossy feed line and the antenna, much lower 
than that of the antenna alone. The lossy feed line behaves as an attenuator, giving 
control over the amount of power reaching the antenna itself. 
The copper and CNT monopole antennas are fabricated as shown in Figure 6.19(a). 
The composite antenna is fabricated using the method described in section 6.1. The 
antennas are fed by solder-free 2.92mm Southwest Microwave connectors [161]. Using 
an Agilent-E8364B network analyzer, the reflection coefficient of each antenna is 
measured and shown in Figure 6.19(c) and (d). The connector is included in the 
simulation model in CST-MWS to better simulate the measurement setup. 
The radiation pattern of both the copper and the CNT antennas in both E-(yz-) and H-





Figure 6.19. (a) Fabricated copper and CNT monopole antennas, (b) connector model (r1 
=0.18, r2=0.38, r3= 1.22 mm), (c) S11 of copper antenna, (d) S11 of CNT antenna. 
 
26.5, 29, and 33.5 GHz are reported in Figure 6.20. It is observed that CNT antenna 
shows a stable radiation pattern over the frequency range of interest. The radiation pattern 
is found to be almost omnidirectional in the H-plane, which is of most interest for 
wireless communication systems.  
It should be noted that the loss associated with the length of the microstrip line can 
play an important role on the antenna efficiency. The scattering parameters of a 2 cm 










cladding internal pin   
circuit board 





Figure 6.20. Normalized radiation pattern of monopole antenna at: (a) 26.5 GHz, (b) 29 
GHz, (c) 33.5 GHz. 
 
loss of two connectors (~1.3 dB in total), we found that the CNT microstrip line shows 
about 2.6 dB/cm loss over the 24 to 34 GHz frequency range. The loss of copper 
microstrip line is about 0.35dB/cm. The simulation results show that by changing hg, for 












Figure 6.21. (a) Prototype of CNT microstrip line, (b) S11 and S21 parameters. 
 
(1.3 dB), where for copper antenna it varies from 3.8 to 3.52 dB (0.28 dB). Therefore, the 
gain of the CNT antenna can be easily controlled by slightly adjusting the length of 
microstrip line. 
The realized gain at boresight angle (θ = 0◦, φ = 90◦) in reference plane 1, at the 
connector in Figure 6.19(a), is shown in Figure 6.22(a). By excluding the loss of the 
connector and the microstrip line, the measured antenna gain at reference plane 2, at the 
input to the radiating element, is shown in Figure 6.22(b). As expected, it is observed that 
the average gain of the CNT antenna is lower than the copper one, which is due to the 
lower conductivity of the composite material.   
The transfer function of the antenna is measured by making Tx/Rx setups of two 
identical antennas at a separation distance of R. Figure 6.23 shows the transfer function of 
CNT and copper antennas for both face-to-face and side-by-side configurations. The 
fairly constant group delay of Figure 6.23 shows that the CNT antenna has low 








Figure 6.22. Boresight gain of single monopole antenna. (a) measured and simulated gain 
at Ref. plane 1. (b) measured gain at Ref. plane 2. 
 
    
Figure 6.23. Transfer function of monopole antenna in Tx/Rx configuration for R = 30 









Figure 6.24. (a) The geometry of two-element array antenna. (b) simulated S11 versus 
conductivity. 
 
6.5.2 Two-Element Antenna Array and Measurements 
As shown in Figure 6.26(a), the two-element array fed by a matched T-junction is 
designed to operate from 24 to 34 GHz. The separation distance between elements is d = 
5.7mm which is about 0.5λ at 26.5 GHz. The geometrical parameters are R1 = 22, R2 = 14, 
a1 = 8, a2 = 1.2, a3 = 2.2, a4 = 4.6, and s = 1.9 mm. The ground plane height is 15.5 mm.  
The simulated reflection coefficient of the array antenna for various conductivities is 
shown in Figure 6.26(b). Due to the bandwidth limitation of the T-junction feed network, 
the impedance match is degraded at upper edge of frequency range for the copper 
antenna, and the maximum frequency of operation is decreased to 32 GHz. An 














Figure 6.25. Radiation efficiency of the copper and CNT array antennas. 
 
The radiation efficiency of the copper and CNT array antennas is calculated over the 
24 to 34 GHz frequency range as displayed in Figure 6.25. The curves labeled Ref. 2 
give the radiation efficiency of the antenna alone. The curves labeled Ref. 1 give the 
efficiency of the system made up of the lossy feed structure plus the antenna. The ohmic 
loss of the matched T-junction and the feed lines reduces the efficiency of the system 
greatly compared to the efficiency of the antenna alone. 
The copper and CNT array antennas were fabricated and the reflection coefficient S11 
was measured as shown in Figure 6.26(a). Good agreement is observed between 
measurement and simulation results, specifically when the effect of connectors are 
considered in EM model of antenna. As expected, unlike the CNT antenna, the upper-





Figure 6.26. (a) Fabricated CNT and copper array antenna, (b) S11 of copper antenna, (c) 
S11 of CNT antenna. 
 
The normalized radiation patterns of the copper and the CNT array antennas were 
measured and compared at two frequencies, 26.5 and 30 GHz, as shown in Figure 6.27. It 
is observed that CNT antenna shows a stable radiation performance over the frequency 
range of interest.  
The gain at the boresight angle of θ = 0◦, φ = 90◦ at reference plane 1 is shown in 
Figure 6.28(a). Simulations show that the loss of composite T-junction between the 
connector and reference plane 2 is about 3.5-4.4 dB from 24 to 34 GHz. Taking out the 
loss of the connector and feed network, the simulated boresight gain of antenna array at 








Figure 6.27. Normalized radiation pattern of array antenna at: (a) 26.5 GHz, (b) 30 GHz. 
 
 
Figure 6.28. Boresight gain of array antenna, (a) measured and simulated gain at Ref. 














Figure 6.29. Mutual coupling of CNT antenna elements at Ref. plane 2. 
 
6.5.3 Mutual Coupling 
The mutual coupling between the adjacent elements of the array is investigated Figure 
6.29 from 24 to 34 GHz. The separation distance between the monopole antennas is d = 
5.7 mm. By removing the losses in the microstrip line and the connectors, the mutual 
coupling between two antennas is obtained at reference plane 2. It is observed that the 
mutual coupling is lower than -15 dB over almost entire frequency range of interest. It 
should be noted that the level of mutual coupling between ports at reference plane 1 
highly depends on the length of microstrip lines connecting reference plane 1 to reference 
plane 2. By increasing the microstrip line length by ∆L cm, the mutual coupling at 
reference plane 1 would increase by 2 × (∆L) × 2.6 dB.  This issue could be useful for 
dense integrated circuits where it is desirable to space elements as closely as possible, 
and also desirable to avoid strong EM coupling between ports. 
Ref. 2 
d 
Ref. 1 Ref. 1 
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6.5.4 Housing Effect 
The performance of an antenna can be considerably affected by nearby objects [162]-
[164]. Usually the antenna is integrated in a circuit which includes various components 
and modules. In mobile and vehicular applications, the antenna could be used in the 
proximity of a variety of materials, such as metal objects or the human body. Therefore, 
the housing effect becomes a major issue to be addressed.  
When the antenna radiates in the vicinity of an object, the backscattered fields 
produced by the object induce electric current on the antenna, affecting the antenna 
performance. The induced current on the antenna, Is, caused by the backscattered 




















   (6.3) 
Zs is the surface impedance of the antenna. Due to the lower conductivity, the composite 
antenna produces weaker radiated fields than copper antenna, leading to lower Hscat. 
Moreover, Zs is larger for the composite, making the ratio in (6.2) lower. As a result, the 
CNT antenna is not as much affected by nearby conductive objects as copper antenna.    
Since metals produce the maximum backscattered fields because of their high 
conductivity, we assume a steel sheet as the nearby object to the antenna in our study. 
The housing effect setup is shown in Figure 6.30(a). A 5 cm × 5 cm steel sheet is placed 
very close in the front of the antenna with a separation distance of d. The reflection  
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Figure 6.30. (a) Housing effect setup, (b) S11 of copper antenna, (c) S11 of CNT antenna. 
 
coefficient of the CNT and copper antennas is measured for d = 2mm, as displayed in 
Figure 6.30(b) and (c). It is observed that the performance of the copper antenna 
deteriorates significantly, whereas the CNT antenna still operates over the entire 
frequency range with S11<-10 dB. We have also investigated the housing effect for 
different values of d, not shown here.  It was observed that CNT antenna performance 
shows much lower sensitivity to the steel sheet than does the copper antenna.   
The far-field radiation pattern of the antennas in the vicinity of steel sheet is evaluated 
as shown in Figure 6.31. Since the metal sheet behaves like a good reflector, the main 











Figure 6.31. Normalized radiation pattern in the vicinity of metal sheet, (a) H-plane at 25 
GHz, (b) E-plane at 25 GHz, (c) H-plane at 34 GHz, (d) E-plane at 34 GHz. 
 
radiation pattern is not omnidirectional anymore. It is observed that as frequency goes up, 
the number of minima in the radiation pattern increases which is due to the reflections 
and diffractions of metal sheet. As a matter of fact, the path difference between the 
radiated field of the antenna and reflected/diffracted fields caused by the metal sheet 
would be comparable to the half-wavelength at high frequencies, leading to the 
cancellation of electric field at the minimum points. However, because of the lower EM 





Table 6.8: Radiation efficiency of the composite antenna with/without the presence of 
metallic sheet 
f (GHz) 24 26 28 30 32 34 
Antenna 84.4 86.3 85.9 85.3 81.1 76.4 
Antenna+Housing 82.1 80.2 79.6 81.2 79 76.8 
 
E-plane than copper antenna as shown in Figure 6.31(d). We found that the CNT antenna 
shows weaker minima than copper antenna at E-plane at frequencies above 30 GHz as 
well, showing more stable radiation pattern. At lower frequencies, both antennas show 
almost the same radiation pattern.  
The radiation efficiency of the composite antenna at reference plane 2 in the vicinity 
of metal sheet is calculated as shown in Table 6.8. It is observed that the radiation 
efficiency of the antenna changes slightly in the presence of the metal sheet. Therefore, 
since the matching of composite antenna is still good, the total efficiency does not change 
significantly. 
6.6 Summary 
In this Chapter, the use of CNT composites was investigated numerically and 
experimentally for building antennas for different antenna applications, namely RFID, 
WLAN, X-band, and mm-wave antennas. Metal in the antenna structure was replaced 
with CFC. The gain of the antenna degrades due to the low conductivity of composites 
compared to metals. The composite antenna performance was evaluated both numerically 
and experimentally, and good agreement was found between the simulations and the 
measurements.   
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The SWCNT composite material was used to build different microstrip antennas for 
single-band, multiband, and wideband applications. A new fabrication procedure was 
used to print the SWCNT buckepaper on any desired type of substrate. The T-match 
bow-tie antenna, meander line antenna, multiband fractal antenna, square ring slot patch, 
and the microstrip-fed monopole antennas were proposed and fabricated for various 
antenna applications. The performance of the antennas such as impedance bandwidth, 





Chapter 7 : Conclusion 
7.1 Summary 
In this thesis, we studied two most promising carbon-fiber composite (CFC) materials, 
namely reinforced continuous carbon fiber (RCCF) composite and carbon nanotube 
(CNT) composite. The shielding effectiveness of CFCs was investigated carefully in 
Chapters 2 and 3. The exact solution for the Green’s function of a dielectric slab backed 
by a CFC ground plane was calculated in Chapter 4. We explored using CFCs in various 
antenna applications such as UHF-RFID, Bluetooth, WLAN, UWB, X-band, and mm-
wave applications in Chapters 5 and 6.   
In Chapters 2 and 3, due to the complex structure of the reinforced composites and 
also in order to avoid the time-consuming full-wave methods, the equivalent models of 
the structure of a CFC were used to analyze the shielding characteristics. In contrast with 
isotropic model, the highly accurate anisotropic equivalent models were used for RCCF 
modeling. It was shown, both numerically and experimentally, that using different 
orientation patterns in the multilayer RCCF composites controls the shielding properties 
of the structure. We evaluated the effect of incident angle and polarization angle of 
incident plane wave on the shielding of perpendicular ( E┴ ) and parallel ( E|| ) modes. It 
was observed that the SE changes considerably with the polarization angle γ at higher 
frequencies, and the SE decreases for E|| and increases for E┴ as the incidence angle 
increases. The coaxial cable fixture and standard waveguides were used for shielding 
effectiveness measurements. The shielding and conductivity characteristics of the 
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proposed highly conductive MWCNT composites were investigated over a wide 
frequency range up to 26.5 GHz. It was shown that the SE level can reach to 90 dB over a 
part of K-band and more than 60 dB over G-, X- and Ku-band frequency ranges by 
loading the CFC with only 8%wt of multi-walled carbon nanotubes (MWCNT). The 
proposed nanocomposites showed an outstanding improvement in shielding effectiveness 
compared to the other type of CNT composites introduced in literature so far.   
In Chapter 4, using the spectral domain method, the Green’s function was obtained for 
an infinitesimal HED on a dielectric slab over a CFC ground plane. Because CFCs have 
high conductivity, they were modeled using a surface impedance. The expressions for the 
electric field components were derived. The integration details such as dealing with 
surface wave poles and slowly converging integral were addressed carefully. It was 
shown that the electromagnetic fields at the air-dielectric interface depend on both the 
conductivity and anisotropic characteristics of the composite ground plane. The Green’s 
function presented is versatile and can be used in the numerical modeling of any kind of 
microstrip structure with a CFC ground plane. 
In Chapters 5 and 6, the use of RCCF and single-walled carbon nanotube (SWCNT) 
composite was investigated numerically and experimentally for building antennas. The 
metal in the antenna is replaced with a CFC. In addition to low cost, low weight, ease of 
fabrication and good corrosion resistance, the composite antennas were shown to have 
promising electrical characteristics. However, the radiation efficiency degrades due to the 
low conductivity of composites compared to metals.   
We used RCCF composites to build RFID and UWB antennas. It was shown that the 
anisotropic nature of the conductivity of RCCF composites can be used to control the 
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direction of current flow. In order to enhance the conductivity of RCCF composite, a 
small volume fraction of MWCNTs was added to the RCCF material. The light-weight 
RCCF composite antenna was shown to operate well over UWB frequency range.   
As one of the highest conductive materials, SWCNT buckypaper was used to build 
composite antennas. A new fabrication method was proposed to print arbitrarily-shaped 
full-composite SWCNT antenna on any type of substrate. Buckypaper was hardened by 
resin infiltration in order to be processed on the milling machine. Various types of 
SWCNT antennas were fabricated for different antenna applications. We fabricated T-
match bow-tie and meander line antennas for UHF-RFID, modified Sierpinski fractal 
antenna for UHF-RFID/Bluetooth/WLAN, the square ring slot antenna for X-band, and 
planar monopole antennas for wideband mm-wave application operating over the 24-34 
GHz frequency range. Good agreement was observed between simulation and 
experimental results for all the aforementioned composite antennas. It was shown that the 
gain and RFID read-range of composite antennas can be controlled by using different 
conductivities.  This is not possible for materials with fixed conductivity such as copper. 
Furthermore, the matching between input impedances of the RFID IC chip and the RFID 
tag can be also controlled by using composite materials with different values of 
conductivity and thickness. The mm-wave composite antenna showed low dispersion 
characteristics over the frequency range of interest and so may be used for ultra-
wideband radios. The housing effect on the composite antenna performance was 
investigated and it was shown that the composite antenna is much less affected than the 
copper antenna.    
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The performance of a microstrip patch antenna with ground plane made of RCCF 
composite was investigated. The patch was designed to operate at 5.6 GHz. It was 
observed that the impedance bandwidth of the antenna highly depends on the direction of 
the fibers in the ground plane. When the fibers are oriented in the direction of current 
flow in the copper ground plane, the patch antenna with the RCCF ground shows the 
same resonant behavior as the antenna with the copper ground plane.   
7.2 Future Work 
The shielding properties of real structures (aircraft, helicopters, spacecraft and so on) 
having a fuselage made of composite material can be characterized using accurate 
electromagnetic models of composites. It should be noted that the plane-wave SE of a 
composite sample may not guarantee the same level of shielding when used to build a 
three dimensional structure such as an aircraft fuselage. For example, aircraft have 
windows in the fuselage which may affect the shielding significantly. All reported works 
in analysis of aircraft shielding are focused on a metal fuselage. In addition to shielding, 
interference path loss (IPL) is an important issue in aircraft which could be investigated 
using a composite fuselage [165]. IPL is associated with transmission paths from a 
transmitter inside the aircraft cabin to an antenna mounted on the outside the fuselage, 
such as a GPS antenna. Usually to measure the IPL, the transmitter antenna is located 
close to a window in the fuselage and the coupling is measured between transmitter and 
external antenna on the top of the fuselage. It should be noted that by including all the 
materials present inside the fuselage, such as seats and bulkheads, in EM models of 
aircraft, the accuracy of results could be improved considerably.   
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It would be interesting to produce composites with high conductivity or adjustable 
conductivity for various antenna applications. We may control the gain of a composite 
antenna by adjusting the conductivity. Recently, we have mixed SWCNTs with 
MWCNTs to control the material’s conductivity. This issue is under investigation. 
Increasing the composite’s conductivity could be another issue to be studied. It was 
shown that highly-conductive MWCNT samples can be produced efficiently by using the 
three-roll milling technique. However, there is a room to do further research to evaluate 
the possibility of fabricating more highly conductive composite materials.    
It was shown that the anisotropic conductivity tensor affects the performance of RCCF 
composite antennas, and this suggests many possibilities for new antenna configurations. 
By controlling the current distribution over the surface of an RCCF antenna, one may 
achieve interesting radiation characteristics without changing the antenna geometry.    
Composite materials can be used in many other antenna applications beyond those 
presented in this dissertation. For example, conformal antennas might be of interest 
[123],[166][167]. As a matter of fact, the main application of conformal antennas is in 
avionic systems and it is one of the very well-known antennas mounted on aircraft. 
Typically, a conformal antenna is used in arrays which could be distributed on the curved 
surface of the aircraft body. Since composites are extensively used in aircraft fuselage to 
replace metals, it would be interesting to make a composite conformal antenna.        
In order to reduce the cost of manufacturing, inkjet printing is one of the most 
desirable techniques to fabricate antennas, using conductive nanoparticles in solution in 
the ink. The shape of the antenna is printed directly on the substrate, with no waste as in a 
conventional etching technique. Recently, CNTs have been printed using the inkjet 
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printing technique [136][168]. The low conductivity of the ink leads to the need for 
several overwritings to obtain a sufficiently thick layer. Producing highly conductive 
SWCNT composites using inkjet printing method could be considered as important 
research in future work.        
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